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Abstract 
Instrumental Neutron Activation Analysis (INAA) and Proton Induced X-ray 
Emission (PIXE) analysis have been employed to determine the elemental content of 
blood fractions. Blood fractions were collected pre-, during and post-operatively 
from patients undergoing Coronary Artery Bypass Grafting (CABG) surgery to 
investigate the changes in elemental concentration that occur during surgical 
intervention. Changes in elemental status in blood fractions are well recognised as 
being associated with a person's health. 
Erythrocytes and leukocyte cells i.e. peripheral blood monocytes (PBMC) and 
polymorphonuclearcytes (PMN), were examined because of their varying lifespans. 
In addition leukocytes are involved in inflammation and the immune response. 
Analysis of PBMC and PMN by INAA and PIXE analysis is new research. This 
study has verified that a contamination free separation method using density gradient 
separation is achievable with detection by INAA ofMg, Mn and Se. 
Calibration factors were determined for PIXE analysis and are to be implemented 
into a new PIXE analysis software database and used to describe the system when 
determining elemental concentrations, useful for both internal and external users of 
the ion beam analysis facilities. 
PIXE analysis was conducted on the surface of what are now recognised as very thin 
and fragile samples. Lack of homogeneity demonstrated by the leukocyte 
subfractions meant that conventional PIXE analysis software was unable to quantify 
elements. IBA (ion beam analysis) DataFumace software, never previously used for 
PIXE analysis, was investigated and tested to see if its depth profiling capabilities 
could define inhomogeneous, multilayered samples. This proved successful. Major 
elements (C, N, 0, Na, Cl) were determined by DataFurnace and the subsequent 
elemental concentrations (Mg, AI, Si, P, S, Cl, K, Ca, Cr, Fe, Ni, Cu, Zn, Se, Br, Rb, 
Sn, I) ofPBMC and PMN were achieved. 
Erythrocyte analysis demonstrated that P, S, Cl, K, Ca, Fe, Cu, Zn, Brand Rb could 
be detected and differences in concentration of S, Cl, Fe and Ca from patients 
undergoing CABG surgery were found. 
i 
This thesis is dedicated to the memory of 
Ian Ewens. 
1st November 1965- 29t11 June 1986 
forever remembered. 
11 
Acknowledgements 
Firstly I would like to thank my supervisor, Professor Nicholas M. Spyrou for giving 
me the opportunity to research the multifaceted world of medical physics. The 
potential he saw in me and his support during my years at Surrey were most 
gratifying. I am also grateful to the Engineering and Physical Sciences Research 
Council (EPSRC) for awarding me a research studentship allowing me to complete 
these studies. 
A special mention must go to Dr. Chris Jeynes, University of SmTey's Ion Beam 
Centre. The vast amount of time and effort he gave and the patience he provided 
went a long way to enhancing my learning. 
None of this work would have been possible without the collaboration of Dr James 
Clarke, Consultant Anaesthetist, Cardiothoracic Unit and Richard Bush, Chemical 
Pathology Department, St. George's Hospital, UK both of whom were so 
understanding when it came to the difficulties of collecting, for research, biological 
material. 
A special thanks to my closest friends Keri-Nel and Lydia who were always around 
to give their support and willing to listen when things got tough. 
Big thanks go to my fellow post-graduates past and present in the Departtnent of 
Physics many of whom have now left for pastures new. In particular my housemates, 
Damien and Claudia and of course my work colleagues, Daniel, Andy, Abdul, Ali, 
Carol and Imane to name a few who although somewhat exacerbated by the 
incessant questions I always managed to ask, responded most constructively. It was 
these aforementioned friends and more to numerous to name, who have made my 
years at Surrey certainly a time to remember. 
Finally and most importantly I would like to thank my family for all the patience and 
continual support they have shown during my time as a student. 
iii 
Contents 
Page No. 
Abstract i 
Acknowledgements iii 
Contents iv 
List of Figures vii 
List of Tables x 
CHAPTER 1 INTRODUCTION 1 
1.1 Objectives 2 
CHAPTER 2 DISEASES 4 
2.1 Coronary Artery Bypass Grafting (CABG) Surgery 4 
2.1.1 Statistics 6 
2.1.2 CABG Timepoints 7 
2.1.3 Trace Elements in Coronary Artery Bypass Grafting (CABG) 
Surgery 7 
2.2 Diabetes Mellitus 10 
2.2.1 Type II Diabetes in Detail 11 
2.2.2 Statistics 12 
2.2.3 Trace Elements in Type II Diabetes Mellitus 13 
CHAPTER 3 ELEMENTS 17 
3.1 Classification of Elements 18 
3.2 Role of Elements 19 
3.3 Oxygen Reactive Species and Free Radicals 28 
CHAPTER 4 BIOLOGICAL SYSTEMS 31 
4.1 Experimental Evaluation of Biological Systems 31 
4.2 Blood Composition 34 
4.2.1 Variation in Elemental Concentration of Blood Components 36 
4.3 Sample Collection 39 
4.3.1 Sample Quality 39 
4.3 .2 Blood Collection System 40 
4.3 .3 Evaluation of Washing Solutions and BD Vacutainers™ 42 
4.3 .4 Blood Temperature and Storage 46 
CHAPTER 5 ANALYTICAL TECHNIQUES 47 
5.1 Instrumental Neutron Activation Analysis (INAA) 47 
5 .1.1 The Research Reactor 48 
5.1.2 Principles of Neutron Activation Analysis 49 
5.1.3 Activation Equation 50 
5.1.4 Irradiation Systems 52 
5.1.5 Background 56 
5.1.6 Detection 57 
5.1.7 Software and Data Acquisition- Gamma Vision® 58 
5.1.8 Qualitative and Quantitative Analysis 61 
5.1.9 Interference 63 
5.1.10 Sample Type 64 
iv 
5.2 Proton Induced X-Ray Emission (PIXE) Analysis 65 
5.2.1 Proton Source 65 
5.2.2 Target Chamber 67 
5 .2.3 Principles of PIXE Analysis 68 
5.2.4 Fluorescence Yield 70 
5.2.5 PIXE Equation 71 
5.2.6 Sample Thickness and Proton Stopping Power 74 
5 .2. 7 Sample Charging and Heating 7 5 
5.2.8 Background 75 
5.2.9 Detection 76 
5.2.10 Qualitative and Quantitative Analysis 77 
5.2.11 Software and Data Acquisition- OM_DAQ, Dan32, GUPIX 77 
5.2.12 Sample Type 82 
5.3 Elastic (Non-Rutherford) Backscattering Spectrometry (EBS) 82 
5.3 .1 Principles of EBS Analysis 83 
5.3.2 Non-Rutherford Scattering Cross-Section 85 
5.3.3 Depth Profiling and Stopping Power 86 
5.3.4 Detection 87 
5.3.5 Qualitative and Quantitative Analysis 87 
5.3.6 Software and Data Acquisition- "IBA DataFumace" 88 
CHAPTER 6 SAMPLE SEPARATION AND PREPARATION 92 
6.1 Whole Blood Preparation 93 
6.2 Plasma and Erythrocyte Preparation 93 
6.3 Leukocyte Separation 94 
6.3.1 Determination of leukocyte concentration (J..tg 109 cells-1) 98 
6.4 Leukocytes Preparation 98 
6.5 Complications in Preparing and Analysing Leukocyte 
Fractions 100 
6.6 Reference Material Preparation 101 
6.6.1 Elemental Standards 103 
CHAPTER 7 STANDARDISATION OF PIXE SYSTEM 104 
7.1 GUPIX H-Value 104 
7.2 Experimental Validation 105 
CHAPTER 8 RESULTS AND DISCUSSION- ERYTHROCYTES 110 
8.1 Elemental Concentration of Erythrocytes of "Normal" and 
Type II Diabetic Subjects Undergoing CABG Surgery 110 
8.2 Comparison of Analytical Techniques - PIXE Analysis and 
INAA of Erythrocytes 121 
CHAPTER 9 RESULTS AND DISCUSSION- LEUKOCYTES 129 
9.1 Yield Determination of Leukocytes 129 
9 .1.1 Automated Cell Counting 129 
9 .1.2 Manual Cell Counting 13 3 
9.2 Preliminary Evaluation and Elemental Concentration of 
Leukocytes of "Normal" Blood 136 
9.3 Further Evaluation of Leukocytes of "Normal" Blood-
Problems with RBS Analysis 139 
CHAPTER 10 CONCLUSIONS 149 
10.1 Future Work 154 
REFERENCES 157 
v 
APPENDICES 168 
Appendix I - Calculation of Concentration and Propagation of Error 168 
Concentration calculation via the comparative method [ Alf94] 168 
Error propagation calculation [Tay97] 169 
Appendix II -Detection Limits and Elemental Concentrations of 
Erythrocytes and Leukocytes 173 
Appendix III - Patient Medical History 179 
Appendix IV- Medical Glossary, Drug Action and Chemical Solutions 181 
Appendix V - St. George's Hospital Ethics Committee Protocol 184 
Appendix VI - Publications 196 
vi 
List of Figures 
Page No. 
Figure 2.1.1: Diagram of heart showing Coronary Artery Bypass Grafting 
(CABG) surgery [Vir04]. 5 
Figure 4.3.1: Normalised concentration values with respect to sample no.5 for 
peripheral blood monocyte (PBMC) and sample no. 7 for 
polymorphonuclearcyte (PMN). 44 
Figure 5.1.1: Schematic of irradiation growth curve. 52 
Figure 5.1 .2: Schematic of production ofradionuclide during CAS. 
T = ti +tw +tc +twi(ti=irradiation time, tw=time between end of 
irradiation and start of count, tc=counting time, twi=time between 
end of counting and start of irradiation). 53 
Figure 5.1.3: Schematic ofpseudo cyclic irradiation. 55 
Figure 5.1.4: Peak calculation details. T = S+B (T =total counts). 58 
Figure 5 .2.1: Schematic of the 2MV Tandetron accelerator installed at the 
University of Surrey, UK (not to scale). 66 
Figure 5.2.2: Proton Induced x-ray Emission (PIXE) analysis. 68 
Figure 5.2.3: Proton Induced x-ray Emission (PIXE) analysis spectrum of 
reference material Bowen's Kale obtained using the 2 MV 
accelerator at University of Surrey, UK. 69 
Figure 5 .2.4: Electron transitions from K and L series. 69 
Figure 5.2.5: Schematic variation of fluorescence yields of the K and L spectral 
lines with atomic number (Z) of the emitting element. The low 
yields in the low-Z range for each spectral series is a major factor 
in limiting the sensitivity of x-ray spectrometry in the analysis of 
light elements. 70 
Figure 5.2.6: K-shell ionisation cross-section for various proton energies. 73 
Figure 5.2.7:Top-hat filter and its effect on a spectrum, which comprises of a 
Gaussian peak and a linear background [Max89]. 80 
Figure 5.3.1: Elastic (Non-Rutherford) Backscattering Spectrometry (EBS) 
spectrum of reference material Bowen's Kale obtained using 2 
MV tandem accelerator at University of Surrey 83 
Figure 5.3.2: Schematic ofbackscattering spectrum and step configuration of 
material containing elements A and B. 84 
Figure 5.3 .3: Diagram of scattering at surface and depth within a sample. 86 
Figure 6.2.1: 5 mm diameter erythrocyte pellets fixed using carbon tape onto 
an aluminium sample plate, used in PIXE analysis. 94 
Figure 6.3.1: Whole blood separated into sub fractions after initial 
centrifugation. 95 
Figure 6.4.1: Photograph of leukocyte fraction peripheral blood monocytes 
(PBMC), air dried onto an aluminium sample plate covered with 
2.5 ｾｭ＠ Mylar film. 99 
vii 
Figure 6.5.1: Elemental maps determined by PIXE scanning (area= 2 mm x 2 
1nm) of chlorine and silicon respectively from a 
polymorphonuclearcyte (PMN) sample analysed on a 
polyethylene capsule obtained from the OM_ DAQ data 
acquisition system [Gri95]. 100 
Figure 6.5.2: Elemental maps determined by PIXE scanning (area= 2.5 mm x 
2.5 mm) of sodium and chlorine respectively from a 
polymorphonuclearcyte (PMN) sample analysed on 2. 5 p,m Mylar 
film. Obtained from the OM_ DAQ data acquisition system 
[Gri95]. 101 
Figure 7.2.1 Graph illustrating the H-value of the reference materials Bowen's 
Kale analysed at 20 mm and 25 mm detector distances and Peach 
Leaves (NIST 154 7) analysed at 25 mm detector distance all with 
a magic filter. Error bars (1 standard deviation) are represented as 
propagation of error ratio, see Appendix I. 107 
Figure 7.2.2: Elemental distribution maps determined by PIXE scanning (area 
= 1 mm x 1 mm) of iron, silicon, calcium and potassium in the 
certified reference material Peach Leaves (NIST 1547). Note the 
uniform distribution 108 
Figure 8.1.1: Proton Induced x-ray Emission (PIXE) analysis spectrum of 
erythrocyte sample obtained using the 2 MV accelerator at 
University of Surrey, UK. 111 
Figure 8.1.2: Elemental distribution maps determined by PIXE scanning (area 
= 1 mm x 1 mm) of iron, silicon, calcium and potassium in the 
certified reference material Oriental Tobacco Leaves (CTA-OTL-
1). 112 
Figure 8.1.3 a and b: Elemental distribution maps determined by PIXE 
scanning (area= 1 mm x 1 mm) of iron, silicon, calcium and 
potassium in a) Bowen's Kale and b) erythrocytes. 113 
Figure 8.1.4: Graphs normalised to pre-operative timepoint ofthe elements 
sulphur, iron, phosphorous and chlorine determined by PIXE 
analysis in erythrocytes of patients undergoing CABG surgery 
(*=type II diabetic). For concentration and propagation of error 
values see Appendix II, Table IV. 117 
Figure 8.1.5: Graphs normalised to pre-operative timepoint ofthe elements 
potassium, calcium, copper and zinc determined by PIXE analysis 
in erythrocytes of patients undergoing CABG surgery (*=type II 
diabetic). For concentrations and propagation of errors see 
Appendix II, Table IV. 118 
Figure 8.2.1: Comparison of analytical techniques with the elemental 
concentration of sulphur, chlorine, potassium and bromine, ratio 
of INAA:PIXE analysis values + % error, of erythrocytes 
determined by INAA and PIXE analysis fro1n non-diabetic and 
type II diabetic subjects at pre-, during and post-operative 
timepoints of CABG surgery. (*=type II diabetic). Error bars (1 
standard deviation) are represented as propagation of error ratio, 
see Appendix I. 124 
viii 
Figure 8.2.2: Variation of elemental concentration of sulphur, chlorine, 
potassium and bromine, normalised to PIXE analysis pre-
operative value, of erythrocytes determined by INAA and PIXE 
analysis from non-diabetic and type II diabetic subjects at pre, 
during and post-operative timepoints of CABG surgery (*=type II 
diabetic). Error bars (1 standard deviation) are represented as 
propagation of error ratio, see Appendix I. 125 
Figure 9 .1.1 a and b: Shandon Cytospin funnel and cartridge. Haematology 
Department, St. George's Hospital, London, UK. 134 
Figure 9.1.2: Photograph ofHema-Tek 2000 slide stainer and fixer. 
Haematology Department, St. George's Hospital, London, UK. 134 
Figure 9 .1.3: Photograph of separated leukocyte fractions used in manual 
counting to determine yield: peripheral blood monocyte (PBMC) 
and polymorphonuclearcyte (PMN) fractions respectively, 
separated from non-diseased blood. Molecular Biology 
Department, University of Surrey, Guildford, UK. 135 
Figure 9.1.4: Photograph of separated leukocyte fractions used in manual 
counting to determine yield: peripheral blood monocyte (PBMC) 
and polymorphonuclearcyte (PMN) fractions respectively, 
separated from type II diabetic blood. Molecular Biology 
Department, University of Surrey, Guildford, UK. 135 
Figure 9.3 .1: Elemental distribution maps determined by PIXE scanning (area 
= 2.5 mm x 2.5 mm) of chlorine and iron respectively from a 
polymorphonuclearcyte (PMN) sample obtained from the 
OM_DAQ data acquisition system [Gri95]. More bright areas of 
the maps represent an increased elemental mass. 141 
Figure 9.3.2: Rutherford Backscattering spectrometry (RBS) simulation 
determined by Dan32 software of a polymorphonuclearcyte 
(PMN) sample. The poor simulated fit is shown in the upper 
graph and the "Q factor" ratio in the lower graph. 142 
Figure 9.3.3: Rutherford Backscattering spectrometry (RBS) simulation with 
separated element spectra and structure graph provided by 
DataFumace of a polymorphonuclearcyte (PMN) sample. 145 
ix 
List of Tables 
Page No. 
Table 4.1.1: Mean concentration (mg L-1 ± SD) of elements determined in 
whole blood from female, aged matched Nigerian population with 
and without breast cancer, n = 10. 32 
Table 4.1.2: Range of concentrations and mean concentrations (J..tg g-1 ± SD) of 
elements determined in hair from aged matched Nigerian 
population with and without Sickle Cell anaemia, n = 10. 33 
Table 4.2.1: Normal peripheral blood count [MehOO]. 34 
Table 4.3.1: Maximum certified concentration provided by Becton Dickinson 
UK Ltd of elements extracted by blood from the trace element 
(blue) BD Vacutainer™ and calculated maximum concentration 
extracted per sample collected in these tubes [BecO 1]. 41 
Table 4.3.2: Comparison of ratio concentration of peripheral blood monocytes 
(PBMC) in BD Vacutainer™ types and of washing solution. 44 
Table 4.3.3: Zinc and selenium concentrations± SD in polymorphnuclearcytes 
(PMN) from "normal" subjects. 45 
Table 5 .2.1: Coefficients for the determination of K and L shell fluorescence 
[Bam72]. 71 
Table 5.2.2: Spreadsheet parameters available from Dan32. 81 
Table 6.6.1: Certified material infotmation and preparation recommendations. 102 
Table 8.1.1: Elemental concentration of erythrocytes (mg L-1 ± SD) using 
PIXE analysis from pre-operative subjects compared to literature 
concentration ranges of erythrocytes [Iye78], n = 5. Errors (1 
standard deviation) are represented as propagation of error, see 
Appendix I. 114 
Table 9.1.1: Cell counts using an automated cell counter, Coulter Gen·S™ 
Hematology Analyser from whole blood and leukocyte fractions 
of"normal" blood collected via ｖ｡｣ｵｴ｡ｩｮ･ｲｾ＠ Haematology 
Department, St. George's Hospital, London, UK. 131 
Table 9.1.2: Cell counts using an automated cell counter, Coulter Gen·S™ 
Hematology Analyser from whole blood and leukocyte fractions 
of "normal" blood collected via syringe. Haematology 
Department, St. George's Hospital, London, UK. 132 
Table 9.1.3: Percentage leukocyte count± SD. Manual counting through an 
optical microscope from leukocyte fractions of"normal" and type 
II diabetic blood collected via trace element V acutainer™. 
Molecular Biology Department, University of Surrey, Guildford, 
UK. 136 
X 
Table 9 .2.1: Concentration of elements in leukocyte sub fractions: 
polymorphonuclearcytes (PMN) and peripheral blood monocytes 
(PBMC) from "normal" subjects following CAS and ICIS 
irradiation, n = 10. 138 
Table 9 .2.2: Concentration of additional elements in leukocyte sub fractions: 
polymorphonuclearcytes (PMN) and peripheral blood monocytes 
(PBMC) from "normal" subjects following ICIS irradiation 
(element not detected in all samples), n = 10. 138 
Table 9.3 .1: Geometry and structure file used by DataFumace to simulate a 
polymorphonuclearcyte (PMN) RBS spectrum. Note the 
importance of using precise set-up parameters in the geometry file 
to obtain an accurate simulation. 144 
Table 9.3.2: Profile file provided by DataFurnace of a polymorphonuclearcyte 
(PMN) sample. 146 
Table 9.3.3: Elemental concentration (J.tg g-1) ofpolymorphonuclearcytes 
(PMN) and peripheral blood monocytes (PBMC) from a subject at 
pre- and post-operative timepoints of CABG surgery. RBS 
determined by DataFumace [Bar97], elements determined by 
GUPIX [Max95], n = 1. 147 
Xl 
Introduction 
Chapter 1 Introduction 
Type II diabetes is now considered a global problem; the incidence of this disease 
between 1994 and 2010 is expected to approach ....,240 million and has now reached 
epidemic proportions [ Gro99]. In England 1.4 million people have been diagnosed as 
having diabetes with a further estimated 1 million undiagnosed and it is estimated 
that approximately 85 % of people who have diabetes have type II diabetes mellitus 
[DoH01]. 
There is huge concern over the association between type II diabetes and coronary 
heart disease (CHD) since type II diabetes increases the risk of coronary heart 
disease by a factor of two to four times [HafOO] and cardiovascular disease (CVD) is 
a major cause of mortality among diabetic patients [Bal99]. 
Diabetes mellitus is a metabolic disorder characterised by high levels of blood 
glucose resulting from defects in insulin secretion, insulin action or both. Contrary to 
popular belief diabetes can be both progressive and life threatening and associated 
with serious complications and premature death, but people with diabetes can take 
measures to reduce the likelihood of such occurrences. 
There are two major types of diabetes mellitus, in type I diabetes the immune system 
invades its own insulin producing cells causing deficiency of insulin. Type II 
diabetes is caused by lack of insulin or a defect in the body's reaction to insulin. The 
risk factors for type II diabetes or non-insulin dependent diabetes mellitus (NIDDM) 
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include older age, obesity, family history of diabetes, a prior history of gestational 
diabetes, impaired glucose tolerance, physical inactivity and race/ethnicity. Afiican 
Americans, Hispanic/Latino Americans, American Indians and some Asian 
Americans and Pacific Islanders are at particularly high risk for type II diabetes 
[Aba03] and also in England, South Asian, African, Afro-Caribbean and Middle East 
persons are more likely to develop the disease [DoHO 1]. 
Study of trace element metabolism is greatly valued as it provides insights into 
understanding mechanisms for preventative, diagnostic and therapeutic purposes. 
Virtually all metabolic reactions in the body require elements in one form or another 
and it is well established that some act as cofactors for enzymes. Trace element 
concentrations in whole blood give useful information with regard to a person's 
elemental status and hence their health. Nonetheless, elemental concentration from 
blood cells may provide more valuable indications of the body's metabolic state 
while leukocytes, as they are homogenous cells, containing a nucleus, are more 
representative of biological tissue [MeiOl]. Leukocytes defend the body against 
infecting organisms and foreign agents, both in the tissues and in the bloodstream 
itself, therefore aiding in immunity and the immune response. At the same time the 
leukocyte subfractions varying lifespans may provide diverse information. 
"Coronary heart disease (CHD) is one of the major causes of premature death and ill 
health in the UK. Every year it kills about 130 000 people in England, one of the 
highest death rates worldwide. Heart disease, together with cancer, is the country's 
biggest killer. That is why the NHS services that deal with it are one of my personal 
priorities for modernisation" Secretary of State for Health Alan Milburn [DoH99]. 
CABG is an acronym for Coronary Artery Bypass Grafting (often referred to as 
"cabbage"); it is also known as pulmonary bypass. It is the most common "open 
heart" operation with .-..800 000 people worldwide undergoing a coronary bypass 
surgery procedure each year. The operation is risky and costly, around $45 000 in the 
US [BorOO] and around half this amount in Europe [MeaOO]. 
1.1 Objectives 
The widespread severity of heart disease and its vast expense on society make it a 
high priority in any nation's healthcare. Therefore the objectives in this research are 
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to obtain the elemental concentrations in various types of blood fractions, 
erythrocytes and in particular, two types of leukocyte (white blood cell) sub fractions: 
peripheral blood monocytes (PBMC) and polymorphonuclearcytes (PMN), from 
patients undergoing Coronary Artery Bypass Grafting (CABG) surgery with and 
without type II diabetes. 
Elemental analysis will be conducted at various pre-, during and post-operative 
timepoints to investigate the changes that occur during surgical intervention and post 
surgery, while considering the implications of surgical complications and the 
predisposition that type II diabetes mellitus has towards coronary heart disease. It is 
suspected that patients undergoing aortic surgery do not fully recover from their 
operation with organ dysfunction and mental impairment being evident [Ros02]. 
These samples will be analysed using, multielemental nuclear and atomic based 
techniques: Instrumental Neutron Activation Analysis (INAA) and Proton Induced 
X-ray Emission (PIXE) analysis, which give both qualitative and quantitative 
information about the composition of biological materials. 
The elemental analysis of the blood fractions: whole blood, erythrocytes and plasma 
have become fairly routine, while the analysis of PBMC and PMN by the analytical 
techniques INAA and PIXE analysis is new research. With this in mind two main 
focuses of my research became apparent: 
i) determination of a contamination free separation method for 
leukocytes that allow elemental analysis 
ii) accurate analysis of these fractions, importantly of leukocyte 
subfractions to provide useful data. 
It is important to provide information about changes in elemental concentrations 
over a period in order to understand the process of recovery of the subjects 
undergoing CABG operations. Recovery is also an important practical feature of the 
whole healthcare aspect, which lays emphasis on shorter waiting lists and shorter in-
patient bed occupancy. 
It is very valuable to determine whether the trace element status of the patient with 
regard to diabetes and cardiovascular disease is either a consequence or a 
predisposition, which adds to the clinical symptoms of the diseases. 
3 
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Chapter 2 Diseases 
2.1 Coronary Artery Bypass Grafting (CABG) Surgery 
Cardiothoracic surgeons perform the operation that re-routes the blood around 
blockages or obstructions of the coronary arteries to improve myocardial 
performance. The build-up over time of fat, cholesterol and other substances often 
clog and hence narrow the arteries. This is known as atherosclerosis; arteriosclerosis 
is the clogging of the coronary arteries. These arteries are the blood vessels that 
supply the heart with oxygen and nutrients. When the heart does not get enough 
nutrients or fuel it is referred to as ischaemic heart disease (lliD) and when this 
progresses and the heart muscle begins to die, a heart attack or myocardial infarction 
(MI) can occur. Commonly, more than one artery develops a blockage and sequential 
bypasses are performed in a single operation. In order to bypass these arteries a new 
vessel is used to re-route the blood. This new vessel is harvested from either the 
internal mammary artery (which delivers blood to the shoulders and arms) or the 
saphenous leg vein both of which are redundant, meaning that other veins will take 
over their role if removed. 
This vein is attached at one end to the aorta and the other end to the coronary artery 
beyond the blockage. There are of course risks associated with all procedures or 
operations and the magnitude of risk varies according to each patient's specific 
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health conditions. This is why the benefits of the operation need to be weighed up 
against the risks of complications or side effects. Potential complications are 
Bypass 
gr ft In 
saphenous vein 
Block d art ry 
Bypas 
gr ft ｾ＠ ng 
lnt mal mamm ry artery 
unplanned events, 
including bleeding or 
infection, reaction to 
anaesthesia or 
accidental InJury, 
stroke (related to age 
and any history of 
preVIOUS 
kidney 
strokes), 
infection 
(related to kidney 
condition prior to 
surgery) and possible 
heart attack during or 
after surgery. 
Figure 2.1.1: Diagram of heart showing Coronary Artery Bypass Grafting (CABG) surgery 
[Vir04]. 
Complications can occur around the time of the operation and in addition there may 
be side effects after the operation, however, for the most part, side effects can be 
anticipated. For example, the surgeon will know that there will be swelling and some 
soreness at the site of the operation and the adverse effects of the systemic 
inflammatory response (SIR) [But93] [Cre96] [Edm96] [Kir83] that follows after 
cardiopulmonary bypass or any surgery is unable to be prevented [Alb98] . 
People who undergo CABG surgery have greater post-operative complications 
compared to other surgery. The systemic inflammatory response (SIR) is assumed to 
be one of the factors that cause cerebral dysfunction after CABG surgery [Smi96] . 
However, factors that increase the SIR may be responsible for neurologic 
complications after CABG surgery, such as technical difficulties leading to longer 
bypass time or problems coming off bypass. CABG surgery itself has time related 
influences on the body that promotes a more severe SIR as time on bypass is 
increased [WesOl], although an increase in free radical induced oxidative stress 
activity rather than inflammatory activity was found [Ulu03]. 
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Other adverse effects promote immunological changes and are attributed to 
complement activation, the fibrinolytic system, activation of leukocytes and 
impaired platelet function. 
These effects could be of trace element concern and possibly affect trace element 
levels in blood. Genetic factors may also play an important role in the development 
of atherosclerosis; ｨｯｷ･ｶｾｲ＠ diet and lifestyle are the primary concern. 
2.1.1 Statistics 
All of these complications do not come as a free ride to the patient and are dependent 
on age, gender, general health (e.g. diabetes), smoking history, medical condition 
and heart function [Bor99]. In the United States operative mortality is ---2.9% (2.5% 
men, 4.0% women); this increases with age, from 1.1 %at age 20- 50 years to 7.2 
% at 81 - 90 years [Bor99]. 28 % of patients undergoing aortic surgery developed 
mental impairment ,...,4 days post-operation [Ros02]. 
Even accounting for the fact that women are more likely to suffer from other 
conditions like diabetes, stroke and hypertension, women have a higher death rate 
while undergoing CABG surgery than men which is apparent until their ninth decade 
oflife [Vac02]. 
Women also tend to suffer more post-operative complications than men, e.g. 
neurological complications in men are 3.8% and in women are 5.3% [Vac02]. 
If atherosclerosis continues the main coronary artery will have closed by 40% in 19 
% ofUS males between the ages of30 and 35 [BorOO]. 
In obese patients the increased presence of multiple coronary risk factors means that 
three and five year mortality post-surgery is significantly influenced by body mass 
index (BMI) [Gur02]. It has also been shown that length of bypass time has 
important independent influence on mortality, morbidity and post-operative 
complications [W es97]. 
It is widely known that diabetics have a strong predisposition to cardiovascular 
ailments. A two to threefold increase in atherosclerotic disease, especially 
atherosclerosis of the aorta occurs in diabetic patients [Bal99] [HafOO]. 
Currently 20 % of revascularisation patients are diabetics. These diabetic patients 
create a challenge as long-term event rates are considerably raised in diabetic 
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patients [Wei98]. The vast majority of CABG patients who undergo vascularisation 
and re-vascularisation benefit enormously from this operation. 
2.1.2 CABG Timepoints 
In accordance with the St. George's Hospital Ethics Committee approval pre-written 
protocol, see Appendix V, whole blood is collected from the central line of the 
patient, which has already been positioned in the patient, pre-operatively as a routine 
monitor. The proposed time periods, after discussion with the medical staff and 
surgical teams at St. George's Hospital are: 
pre-operative 
early bypass 
late bypass 
post bypass 
ITU 
before the patient is asleep (pre-intubation) 
within 1 hour off bypass 
12-24 hours post-operative in ITU · 
The pre-operative timepoint will be taken on the day of the operation. This will be 
the baseline, or control, for the other samples collected. Controls are vital for the 
validity of any analytical work however, it is problematical obtaining control 
samples from "normal" non-diabetic and non-CABG subjects in hospital, with 
reference to what constitutes "normal", especially regarding an elderly person. 
Early and late bypass samples relate to length of time on bypass machine. 
A post-bypass sample within 1 hour post bypass machine and will be taken to 
compare the outcome of being on bypass. 
An ITU sample will be taken while the patient recovers in ITU within 12-24 hours. 
This will represent recovery time and possible elemental changes in the body. 
2.1.3 Trace Elements in Coronary Artery Bypass Grafting 
(CABG) Surgery 
There have been only a small number of studies within this field and there is little 
reported literature with only a small number of publications found. 
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Trace elements are known to play a key role in myocardial metabolism, both 
deficiency and accumulation. The immune system under cardiac operations has 
shown to be highly influenced by the concentration in serum of the elements copper, 
zinc and selenium [Alb98]. 
A normal pre-operative value ofZn in serum was found with an increase from 10.5 ± 
0.9 J.t,mol L-1 (0.67 ± 0.06 mg L-1) to its maximum value of 13.73 ± 1.2 J.tmol L-1 
(0.90 ± 0.08 mg L-1) within the first 30 minutes of being on bypass. Then on the 
second day post-operative a sharp decrease was seen with a gradual rising on the 
third day post-operative [Yay01]. 
Another finding showed a quick increase in serum zinc from 10.7 ± 1.6 J.tmol L-1 
(0.70 ± 0.10 mg L-1) to 11.9 ± 1.4 J.tmol L-1 (0.78 ± 0.09 mg L-1) less than 1 hour into 
surgery whereas iron increased from 14.4 ± 7.8 J.tmol L-1 (0.80 ± 0.43 mg L-1) to 36.2 
± 19.7 J.tmol L-1 (2.02 ± 1.10 mg L-1) 9 hours from the start of surgery. Both zinc and 
iron were followed by a decrease in concentration 24 hours post-operative compared 
to pre-operative values [Fra89]. 
A decrease in Zn serum levels of 1.1 ± 0.17 J.t,g mL-1 (1.1 ± 0.17 mg L-1) were 
observed pre-operatively against ...... o.5 J.t,g mL-1 ( ...... 0.5 mg L-1) 30 minutes into CABG 
surgery with the value remaining low for the whole study period of five days 
[Alb98]. Copper levels in serum on the other hand increased simultaneously with 
zinc at 0.68 ± 0.26 J.t,g mL-1 (0.68 ± 0.26 mg L-1) pre-operatively increasing to 1.05 ± 
0.17 J.t,g mL-1 (1.05 ± 0.17 mg L-1) 60 minutes into bypass. This Cu/Zn ratio 
continued to increase until fifth day post-operative when levels returned to normal 
[ Alb98]. The Cu/Zn ratio has a link with the inflammatory process; the more acute 
the inflammation, the higher the ratio. 
The concentrations of Zn and Cu in serum were 714 ± 206 J.t,g L-1 (0.71 ± 0.21 mg L-
1) and 850 ± 230 J.t,g L-1 (0.85 ± 0.23 mg L-1) respectively, both subnormal in patients 
with CHD [Ost89]. 
Cu concentration in serum decreased from 14.8 ± 1.2 J.tmol L-1 (0.94 ± 0.08 mg L-1) 
to 11.2 ± 0.9 J.tmol L-1 (0.71 ± 0.06 mg L-1) within the first 30 minutes of bypass 
decreasing to a minimum value of 9.2 ± 1.4 J.tmol L-1 (0.58 ± 0.09 mg L-1) on the 
first post-operative day and then rising to near normal value on the second post-
operative day [Yay01]. 
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While another reported copper concentration in serum remaining constant in a range 
of 13.1 ± 3.5 f.Lmol L-1 - 18.1 ± 4.2 f.Lmol L-1 (0.83 ± 0.22 mg L-1 - 1.15 ± 0.27 mg L-
1) after cardiac surgery [Fra89]. 
The metabolic response to cardiopulmonary bypass (CPB) is changed by 
intraoperative hypothermia and was assessed by successive alterations in iron, zinc 
and copper and in their molar binding ratios to their respective transport protein 
[Tag90]. Significant alterations in the serum concentration of iron and zinc were 
found at an intraoperative temperature of 28 °C. Serum iron increased from ,.....17 
f.Lmol L-1 (-0.95 mg L-1) at the start of bypass to ....,43 f.Lmol L-1 ("'2.40 mg L-1) five 
hours from the start of bypass, falling to below the start of bypass concentration on 
the second to seventh day. At the start ofbypass serum zinc concentrations were ,.....13 
f.Lmol L-1 ("'0.85 mg L-1) increasing to ,.....17 f.Lmol L-1 ("'1.11 mg L-1) 90 minutes after 
the commencement of bypass. Cu showed a fall in concentration from ....,19 f.Lmol L-1 
("'1.21 mg L-1) to ,.....16 f.Lmol L-1 (-... 1.02 mg L-1) at the onset of surgery which 
persisted until 24 hours after surgery where the concentration increased 30 % by day 
seven [Tag90]. 
Findings in rats support the view that the inflammatory response to injury is 
exaggerated by copper deficiency. Blood vessel repair; post balloon inflation surgery 
( angioplasty) revealed that these vessels were almost totally blocked in Cu deficient 
rats. Important in CHD and CABG surgery as this type of surgery is common 
treatment for atherosclerotic blood vessels in humans [Dal02]. 
Selenium concentration in serum decreased from 65.3 ± 8.2 ng mL -1 (0.0653 ± 
0.0082 mg L-1) pre-operative to 19.4 ± 4.3 ng mL-1 (0.0194 ± 0.0043 mg L-1) 30 
minutes into CABG surgery, remaining low until the fifth day post-operative 
[Alb98]. Subnormal Se concentrations of 46 ± 19 f.Lg L-1 (0.046 ± 0.019 mg L-1) in 
serum and 64 ± 16 f.Lg L-1 (0.064 ± 0.016 mg L-1) in whole blood from patients with 
coronary heart disease were determined [Ost89]. 
Mg serum concentration showed only minor variation from the pre-operative value 
of28 f.Lg mL-1 (28 mg L-1) during the five-day study period [Alb98]. 
All these studies however, determined elemental concentration in serum or whole 
blood, one study has determined elemental concentration, in particular Se in 
erythrocytes during coronary artery bypass [Dju98]. The concentration of Se is 
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below the detection limit for Proton Induced X -ray Emission (PIXE) analysis as 
applied here. 
It was reported that evidence is accumulating from human studies, linking minor 
intakes of the trace elements, chromium, copper, zinc and selenium with abnormal 
lipid metabolism and ultimately cardiovascular diseases [ And86]. 
An awareness of the trace element response to surgical injury is essential and 
attention must be paid to the small amount of research work done on trace element 
concentrations in biological systems in relation to CABG surgery. It is considered 
important, because of the deaths, costly effects this operation and its associated 
complications have on society thereby underlining the main objectives of my work. 
2.2 Diabetes Mellitus 
Type I diabetes 
Previously called insulin-dependent diabetes mellitus (IDDM) or juvenile-onset 
diabetes. Risk factors are less well defined for type I diabetes than for type II 
diabetes, but autoimmune, genetic, and environmental factors are involved in the 
development of this type of diabetes. The in1mune system attacks its own insulin 
producing cells (beta cells) in the pancreas, the result being complete deficiency of 
insulin; this is treated by regular injection of insulin. Type I diabetes is usually 
diagnosed in children, although it can occur at any age. 
Type II diabetes 
Previously called non-insulin-dependent diabetes mellitus (NIDDM) or adult-onset 
diabetes as it mainly affects people over the age of 40. However, over the last 10 
years it has been known to affect people at a much earlier age. It is caused by a lack 
of insulin or a fault in the way the body reacts to insulin. Insulin is produced but is 
unable to perform its role. There are a significantly large number of risk factors and 
causes for type II diabetes some of which are presented below in section 2.2.1. 
The pancreas contains clusters of endocrine cells, named islets of Langerhans 
containing a small number of large alpha (a) cells and many smaller ｢･ｴ｡ＨｾＩ＠ cells. 
Alpha cells secrete glucagon and beta cells secrete insulin, which have antagonistic 
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effects on the blood glucose level. These hormones compensate for the fluctuations 
of blood glucose levels during a human feeding pattern. To maintain glucose levels< 
6.1 mmol L-1in fasting whole blood, hexose sugars are converted into glucose and 
stored in the liver and muscles as glycogen. The conversion of glucose to glycogen is 
known as glycogenesis and is stimulated by the presence of insulin. A person with 
raised blood glucose level is known as hyperglycemic. When the blood glucose level 
falls; glycogen is converted back to glucose to correct this fall. This process is called 
glycogenolysis and is activated by the hotmone glucagon but is also inhibited by the 
honnone insulin, a term known as negative feedback. When the glucose level in 
blood falls below ,....,4 mmol L-1 a hypoglycaemic condition occurs. 
The diagnosis of diabetes especially type II diabetes is less straightforward than 
previously thought and new criteria have been set to accommodate the increasing 
problems associated with this disease [Who99]. The foremost change is the lowering 
of the diagnostic value for diabetes mellitus. For fasting plasma glucose diagnosis is 
;::: 7.0 mtnol L-1 and for whole blood the new level is 6.1 mmol L-1. This in tum has 
resulted in a change of diabetes classification. An intermediate metabolic state 
between normal glucose levels and diabetes is known as "Impaired Glucose 
Tolerance", this is a hyperglycemic disorder but not necessarily indicative of 
diabetes. It does attempt to define a population "at risk" which may tum into diabetic 
due to a triggering factor e.g. trauma of major surgery. 
2.2.1 Type II Diabetes in Detail 
Type II diabetes often goes undetected for many years because the hyperglycemia is 
not acute enough to promote symptoms. This type of diabetes is characterised by the 
insulin resistance syndrome (IRS) through impaired insulin secretion and insulin 
resistance in liver, skeletal muscle and adipose tissue. Glucose tolerance remains 
effective if the pancreatic ｾ＠ cells can compensate for the degree of insulin resistance. 
Insulin resistance and IRS are not one and the same and are frequently interchanged, 
incorrectly so. IRS, otherwise known as Syndrome X, is a collection of several 
clinical conditions, i.e. insulin resistance, hyperinsulinaemia, central obesity, 
progressive glucose intolerance and dyslipidaemia (characterised by raised 
triglycerides, low high-density lipoproteins (HDL) and the predominance of low-
density lipoproteins (LDL)). 
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The foremost modifiable risk factor for the progression of atherosclerosis is diabetes 
mellitus. The first step in atherogenesis is the infiltration and entrapment of 
oxidatively modified Low Density Lipoprotein (LDL) in the blood vessel wall 
[Ret99] [Gro99] [Bal99] [Reg97] oxidised by reactive species. Oxidised low-density 
lipoproteins (oxLDL) play a role in both atherogenesis and in the pathogenesis of 
acute coronary syndromes [MonO 1]. 
There has also been reported evidence that smooth muscle cell and endothelium 
function is affected by oxidative stress and implicated in the pathogenesis of diabetes 
mellitus [Bay02] and that these lipoproteins and their susceptibility to oxidation 
could be important diagnostic criteria of risk factor for atherosclerosis in type II 
diabetes [Tan99]. Oxidative stress does not seem to be the major factor in type II 
diabetes when referring to islet cell damage or insulin deficiency [Had99]. 
Although not specific for type II diabetes, atherosclerosis often appears in diabetes 
with an early onset possibly up to 10 years prior; it is the most serious impediment of 
type II diabetes. Diabetes does not affect everyone in our society equally; those who 
are overweight/obese, people who are physically inactive, people who have a family 
history of diabetes and ethnic minorities are at greater risk [DoHO 1]. 
2.2.2 Statistics 
At present around 1.4 million people in England are diagnosed as having diabetes 
with a further estimated 1 million undiagnosed. Of the people in England with 
diabetes ,..,g5 % have type II [DoHO 1]. 
Persons from South Asia are up to six times more likely to develop type II diabetes, 
while those of African and Afro-Caribbean descent can be up to three times more 
likely to develop the type II disease [DoH01]. 
The issue of diabetes mellitus (DM) and coronary heart disease will become 
increasingly important in the next few years for two reasons. Firstly, coronary heart 
disease has decreased in the last 35 years, however this has not been the case in 
persons with diabetes, and secondly, the incidences of type. II diabetes in both high 
risk and low risk diabetic populations has increased. The reasons are unknown 
although hypotheses have been put forward. For instance, the fall in the incidence of 
coronary heart disease is due to improvements in medical technology and the decline 
in risk factors. Diabetic patients on the other hand may not benefit from technology 
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improvements as much as non-diabetics, e.g. beta-blockers (which have shown to 
decrease mortality after myocardial infarction) may not be issued to diabetics due to 
anxiety over dyslipidemia and hypoglycemia [HafOO]. Many studies have shown that 
mortality from coronary heart bypass is associated with diabetes death rates [Bal99]. 
A report [Uus90] states that the risk of death from cardiovascular complications, in 
particular myocardial infarction, was higher with diabetic men (19.4 %) and diabetic 
women (11.0 %) compared to non-diabetic men (3.2 %) and non-diabetic women 
(3.0 %). Many of the risk factors associated with diabetes, for example insulin 
resistance and hyperinsulinaemia, also account for the development of 
cardiovascular disease [Sta99]. 
Until recently type II diabetes was considered a disease of adults, however 
increasing obesity in young children and their sedentary lifestyle has pushed the 
effects of the disease onto younger patients. 
Diet and lifestyle are equally significant in this matter and remain the basis in type II 
diabetes treatment. It must be stressed that, as for cardiovascular disease, proper diet, 
exercise and the abstinence from smoking are the chief concern. It has been reported 
however that attempts at lifestyle changes alone do not give good glycaemic control 
and that the addition of pharmaceutical input is necessary [Kob99]. 
2.2.3 Trace Elements in Type II Diabetes Mellitus 
Alterations in certain trace elements have been correlated with the presence of 
diabetic complications. The main elements that have been studied are magnesium, 
manganese, iron, copper and zinc due to their status in diabetic patients, glycemic 
control, impaired insulin release/resistance and/or anti-oxidant properties and more 
recently chrotnium due to its involvement in the Glucose Tolerance Factor (GTF). 
Studies have been concluded with other trace metals. 
Zinc has been assayed in many biological systems within diabetic subjects, such as: 
plasma, serum, erythrocytes, urine and hair. Studies have shown conflicting results 
regarding Zn concentration when concerned with plasma and serum. Plasma zinc 
concentrations were comparable between type II diabetic and non-diabetic subjects 
[Zar98] [War84], on the other hand plasma zinc levels of 9.9 ± 0.4 ｾｍ＠ (0.65 ± 0.03 
mg L-1) were decreased in type II diabetics when compared to a control with a value 
of 11.7 ± 0.6 ｾｍ＠ (0.78 ± 0.04 mg L-1) [Wal91]. Another reports a decrease in plasma 
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z1nc levels [Che95]. Plasma zinc is a poor indicator of diabetes as it is vastly 
influenced by hormonal and metabolic state [Had99]. Serum zinc has also been 
reported as having decreased levels when compared to control subjects [Had99] 
however, the serum Zn level was increased in other articles [Sam98]. In erythrocytes 
there were significantly lower levels of Zn in type II diabetics [Che95]. The 
deficiency in zinc may induce the production of polymorphonuclearcytes and 
subsequently contribute to vascular complications in type II diabetics [KarOl]. 
Copper along with zinc has a protective role against free radical attack and both have 
an antagonistic role in trace element metabolism [Zar98] [Alb98]. This ratio showed 
no bias to hypertension or diabetes mellitus. It was stated that age, sex and control of 
diabetes had no effect on the copper, zinc and magnesium concentrations [Zar98] 
however, patients suffering from complications associated with diabetes i.e. 
hypertension, microvascular disease and retinopathy had elevated Cu amounts 
compared to diabetics who had no complications [Wal91] [Che95]. 
Copper concentration in plasma increased in type II diabetics [Che95] and a mean 
Cu concentration in plasma of 16.87 ± 4.69 J..tmol L-1 (1.07 ± 0.30 mg L"1) compared 
to the control mean of 13.91 ± 3.02 J..tmol L-1 (0.88 ± 0.19 mg L"1) [Zar98] and 16.6 ± 
0.8 J.!M (1.07 ± 0.05 mg L"1) compared to the control mean concentration of 13.2 ± 
0.6 J..LM (0.84 ± 0.04 mg L"1) [Wal91] were reported. 
Comparable serum Cu values were found between the control and type II diabetic 
subjects [War84]. Copper concentrations in serum are limited and because the 
majority of copper is found intracellular, plasma copper is not considered a good 
gauge of Cu status [Had99]. 
Selenium too has a vast amount of conflicting evidence when it comes to the 
elemental concentration both in plasma and serum. There is evidence for increased 
levels, decreased levels and no significant difference of selenium concentration in 
both plasma and serum of the human body of adults and children [Had99]. Its 
enzyme activity and Se concentration in both serum and erythrocytes is frequently 
reduced [NavOO], promoting the injury of tissues susceptible to oxidation i.e. 
cardiovascular, ocular, renal and neurological tissues. 
Se plasma concentration was slightly higher in diabetic subjects compared to the 
control, 909.70 ± 229.33 nmol L -l (0.072 ± 0.018 mg L"1) against 863.60 ± 243.87 
nmol L"1 (0.068 ± 0.019 mg L"1) and Se whole blood concentration was also higher, 
14 
Disease 
915.79 ± 222.44 nmol L-1 (0.072 ± 0.018 mg L-1) against 839.03 ± 236.08 nmol L-1 
(0.066 ± 0.019 mg L-1) [Ekm01]. There is support for the fact that Se 
supplementation may reduce platelet aggregation, highlighting the link that Se in 
diabetic patients may cause an increase of platelet aggregation, which can lead to 
occurrence of microvascular disease [Had99]. 
Decreased magnesium concentration was detected in plasma compared to the control 
however, the statistical difference showed little significance [Che95]. No correlation 
was determined between diabetics and controls [Zar98] although there was small 
link with reduced plasma magnesium concentration and diabetics complicated by 
macro vascular disease [W al91]. Magnesium is reported to be predominately 
intracellular with interaction between this element and glucose [Zar98]. As there is a 
direct relationship between Mg and insulinemic response, one publication explores 
whether the mimetic effects of V can also be mediated by Mg, concluding that 
erythrocyte Mg levels were boosted by both V and insulin [BarO 1]. 
Calcium was found to be low in plasma of type II diabetics but not significant 
enough in statistical terms however, Ca concentration was significantly higher in 
erythrocytes from type II diabetics compared to controls [Che95]. No significant 
difference of Ca in plasma was reported between the control with a concentration of 
,___93 J.Lg mL-1 (93 mg L-1) and type II diabetic groups [War84]. 
Potassium levels are closely linked with Ca and Mg homeostasis and erythrocytes 
concentration in type II diabetics were lower compared to controls, 121.2 ± 6.8 
mmol L-1 (4738.9 ± 265.9 mg L-1) versus 148.0 ± 2.0 mmol L-1 (5786.8 ± 78.2 mg L-
1) respectively [ResOl]. 
An increase in plasma chromium levels were reported with a concentration of0.0069 
± 0.0020 J.Lg mL-1 (0.0069 ± 0.0020 mg L-1) when compared with the control value of 
0.0061 ± 0.0010 J.Lg mL-1 (0.0061 ± 0.0010 mg L-1) [War84]. Type II diabetics had 
higher values of 248 %, 61 % and 91 % respectively for Cr in plasma, erythrocytes 
and platelets and lower values in PMN and PBMC, both -35 % [Riik02]. Serum Cr 
levels appeared lower in type II diabetic subjects than in healthy controls, 30.6 ± 9.4 
nmol L-1 (0.0016 ± 0.0005 mg L-1) versus 44.7 ± 7.5 nmol L-1 (0.0023 ± 0.0004 mg 
L-1) [Gho02]. In type II diabetes, different fractions of blood gave altering results, an 
increase of chromium in plasma and PMN of patients with insulin· deficient 
conditions rather than hyperinsulinism indicated a difference of metabolic processes 
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between these and other cell types. The leukocyte cells indicated that cell 
metabolism is hastened in insulin deficiency. There was a lack of chromium in the 
other cell types and a slight change in whole blood demonstrating that in fact 
chromium does not play a necessary role in insulin deficiency [KruOO]. 
Vanadium as a trace element apart from its mimetic or increasing effect on insulin is 
largely unexplored with respect to type II diabetes. The precise site of V action is 
unknown and its metabolism remains indeterminate [BarOl] [CamOO]. 
Iron concentrations in whole blood did not differ significantly between controls and 
diabetic individuals 7.32 ± 0.98 mmol L-1 (408.7 ± 51.9 mg L-1) against 7.65 ± 0.83 
mmol L-1 (427.2 ± 46.3 mg L-1) respectively [EkmOl]. 
Again there have been reports of high, low and no difference in manganese alteration 
in blood of type II diabetics [Wal91]. No difference in diabetic patients and controls 
with respect to the concentration in plasma was found [Wal91] [War84], nor any 
alteration in whole blood even though whole blood is believed to give superior 
indications of manganese status [Wal91]. Whole blood concentrations were reduced 
in diabetic patients 143.60 ± 58.03 nmol L-1 (0.0079 ± 0.0032 mg L-1), compared to 
controls 152.97 ± 61.54 nmol L-1 (0.0084 ± 0.0034 mg L-1) [EkmOl]. 
The diabetic population is by no means homogeneous and there are many influential 
relationships all having an interacting effect. Nevertheless with regard to trace 
elements, Mn, Fe, Cu, Zn and Se are important primarily due to their antioxidant 
effects, while Mg, V and Cr are just as significant in the role of glucose metabolism 
in the diabetic population. 
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Chapter 3 Elements 
"Essential chemical elements whether required in major, minor or minute quantities, 
have the same mission - to sustain life" [Iye89]. 
Living organisms use elements to activate enzymes (catalysts), hormones and other 
organic molecules that participate in the growth, function and maintenance of life 
processes. Without the proper elements in the required amounts, the organic 
molecules cannot assist the body in carrying out its primary functions. 
In fact, the number of different elements necessary for complete nutrition is still 
unknown to science and we still known a very limited amount about the importance 
of some of these elements and their contribution to metabolic and biochemical 
processes. Therefore it is important to continue with these investigations. 
It has become widely recognised that the body requires a large number of trace 
elements and dietary deficiencies in these elements may not produce obvious 
symptoms but can still result in poor health or a shortened life expectancy. It is 
important that the public is provided with guidelines concerning the amount of each 
element required daily by the body for optimum health thereby preventing deficiency 
or toxicity. The Committee on Medical Aspects of Food and Nutrition Policy 
(COMA) panel reviews scientific evidence and forwards proposals that are used by 
the government to formulate policies. In 1991, a new COMA report was published, 
entitled "Dietary Reference Values for Food Energy and Nutrients for the United 
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Kingdom" [DoH91]. The panel examined the scientific evidence and estimated 
nutritional requirements of various groups within the UK population, termed 
Recommended Daily Intake (RDI). 
It is evident that modem day living is the issue when considering trace elements. 
Environmental exposure and dietary habits have become the major cause of 
elemental variations, enhanced by the matter of elemental interactions. 
Environmental exposure and the ever-increasing issue of pollution warrant serious 
concern over the prevalence of some diseases, while diet and the increased 
consumption of fat and refined foods, along with the decreased consumption of fibre 
and vegetables, gives cause for serious concern over element intake. 
3.1 Classification of Elements 
Currently 80 elements of the periodic table have been identified in biological 
systems [Iye89]. Until recently only a few trace elements whose deficiencies caused 
overt, gross symptoms were regarded as necessary for good health. Such symptoms 
include iron deficiency causing anaemia and iodine deficiency causing goitre. 
Elements within a biological system are currently classified into three groups, known 
as major, minor and trace (sometimes ultra trace) [Iye89]. An ultratrace element for 
humans is often established, estimated or has a suspected requirement of <1 mg day-1 
more usually quoted as l!g day-1 [Nie03]. Major elements act as structural 
components while minor elements keep the electrolyte balance in the whole system 
feasible. Major and minor elements make up most of the body, while the trace 
elements are less than 0.012% of total body weight [Gel94]. 
Major carbon, hydrogen, nitrogen, oxygen, magnesium 
(> 1.0 %) 
Minor calcium, chlorine, phosphorous, potassium, sodium 
(0.001%- 1.0 %) 
Trace 
(< 0.001 %) 
cobalt*, chromium*, copper*, iron*, iodine*, manganese*, 
molybdenum*, selenium*, zinc* (gp 1), arsenic*, fluorine*, 
nickel*, silicon*, tin*, vanadium* (gp 2) 
* essential trace element 
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Trace elements can also be classified into two groups: essential and non-essential. 
The definition of an essential trace element is: if its absence results in deficiency 
leading to a specific disease [Iye89]. This definition of essentiality has become less 
acceptable as a large number of elements were suggested to be essential due to stnall 
changes in biochemical and physiological variables. Currently the tnajority of 
scientists do not consider an element essential unless it has a known biochemical 
function [Nie03]. It is interesting to note that out of all the elements essential to life, 
only three have an atomic number above 34, while the remaining elements all have 
an atomic number between 23 and 34 [Und77]. At the moment bromine and 
strontium are being considered as "borderline" essential elements insofar as in 
animals they have proven to have growth implications [Sco98]. 
There is a classification of another group called toxic elements, such as cadmium, 
mercury, lead and thallium. They are known to damage or have potential damage to 
health at minute concentrations and are major environmental pollutants. 
Traditionally a subgroup of non-essential elements although this is misleading as the 
term toxic elements is strictly incorrect as all trace elements are toxic to health if 
ingested or inhaled in large enough quantities for long enough periods of time 
[Hey84]. 
3.2 Role of Elements 
Sodium 
This mineral is needed by the body for regulation of fluid balance, contraction of 
muscles and conduction of nerve impulses. The major source of sodium is our diet 
from processed foods, prepared foods and the salt we add to food during cooking or 
at meals. A reduction in sodium in the diet may reduce high blood pressure in some 
people. This in turn can decrease the likelihood of heart or kidney disease and stroke. 
Magnesium 
This element plays important roles in the actions of enzymes, all cells require Mg for 
the completion of metabolic functions and it is also an enzyme cofactor in almost 
every reaction involving adenosine triphosphate (ATP). It is the fourth most 
abundant cation in the body (surpassed by Ca, Na, K). 
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Plasma concentrations are the mostly widely studied of all cell fractions, because it is 
readily accessible, with a concentration of21.194 ± 1.7 J..tg mL-1 (21.194 ± 1.7 mg L-
1) [War84] it however, represents< 1 % of the total body load providing very little 
information as to the true concentration intracellular. Hypomagnesaemia indicates 
deficiency of Mg although normal levels can be found even when depletion is seen 
in tissues. 70 % of Mg is found in the skeleton, 28 % within muscle and other soft 
tissue and 2 % in extracellular fluid spaces [ And94]. Muscle contains much of this 
element and in particular the function of the cardiac muscle is dependent on Mg 
concentration. The Mg content of erythrocytes is easy to measure. However, 
leukocytes, in particular monocytes and polymorphonuclear cells, give more reliable 
data [Wal98]. The measurement does require a large amount of blood ｾＲＰＭＳＰ＠ mL 
with separation commencing as soon as possible. Hypomagnesaemia in humans has 
been associated with coronary vasospasm, hypertension and acute myocardial 
infarction. Currently the role of Mg is not fully understood although it is thought to 
be linked with acute myocardial infarction and eclampsia [W al98] and play a role in 
the release of insulin, glucose disposal and to some extent show insulinemic 
properties [BarO 1]. This can be explained by the fact that magnesium acts as a mild 
calcium antagonist and efficient insulin activity requires intracellular free calcium at 
an optimum concentration. The efficient uptake of glucose promoted by insulin can 
be cotnpromised by an increase in intracellular free calcium [Mcc04]. 
Silicon 
This element is present in substantial amounts in the body, with especially high 
concentrations in arterial walls and the skin [W al98], though, with age the 
concentration declines with maturity [Und77]. 
Weakened growth and skeletal defects result from deficiency. Its role in disease is 
associated with hypertension, atherosclerosis and osteoarthritis all possibly due to its 
involvement with collagen and elastin metabolism - silicon is used in collagen 
synthesis as a cross-linking agent. Studies have shown that there is a relationship 
between the extent of atherosclerosis and the Si content in the arterial wall and that 
the human aorta Si content decreases with age [W al98]. 
The reduced silicate can provide electrons for numerous reactions, as an antioxidant 
its investigation is now being furthered as to these important antioxidant functions. 
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Phosphorous 
It is a mineral abundant in the body with the average person retaining about 3.3 kg. It 
is involved, either directly or indirectly, in nearly every biological or cellular 
function in the body. P contributes to bone health and is often regarded as a co-
dependant nutrient to calcium. When working with calcium, phosphorous builds and 
hardens bones and teeth and is relied on to create ATP (adenosine triphosphate), a 
compound that regulates the release of energy stored in cells. Therefore P plays an 
important role in transforming proteins, fats, and carbohydrates into fuel. 
Phosphorous is also needed to help maintain the blood's acid balance or pH and is 
essential for healthy cell membranes. 
Sulphur 
Sulphur is essential to life. It is a minor constituent of fats, body fluids and skeletal 
composition. Sulphur is a key component in most proteins since it is contained in the 
amino acids methionine and cysteine. Sulphur is a component of insulin and needed 
for its production. Molecules containing sulphur are usually considered as 
antioxidants. These molecules called thiols, glutathione (GSH) is the most abundant 
free thiol compound in cells, maintain the redox state of the cell and therefore act as 
buffers. There is thought however, that oxidative stress can promote higher oxidation 
states of sulphur thereby forming destructive oxidising agents, known as reactive 
sulphur species (RSS) [GilOl]. 
Chlorine 
Cl exists primarily as the chloride anion that combines with cations (sodium and 
hydrogen) to form sodium chloride and hydrochloric acid. It is required for protein 
digestion (pepsin) and B12 absorption (intrinsic factor). As it is an electrolyte it 
works closely with Na and K controlling acid-alkaline balance. 
Potassium 
The status of the cell membrane potential relies on the normal intracellular potassium 
stores. This homeostasis is also linked to other intracellular ions e.g. sodium (Na), 
calcium (Ca) and magnesium (Mg). An investigation into the role of intracellular 
potassium with respect to hypertension and type II diabetes concludes that reduction 
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of intracellular potassium is a common trait of essential hypertension and type II 
diabetes [ResOl]. For erythrocyte concentration in type II diabetic see 2.2.3. 
Calcium 
The most obvious function of calcium is to provide rigidity to the skeleton by 
forming insoluble salts with phosphoric acid; calcium's deficiency leads to 
osteoporosis. Vitamin D not only regulates calcium absorption but also 
independently regulates plasma calciun1 homeostasis. 
Calcium is an essential nutrient accounting for about 2 percent of body weight, fifth 
in abundance after oxygen, carbon, hydrogen and nitrogen. 99 % of the body's 
calcium (1200 g) is stored in the skeleton with the remainder in teeth and soft tissues 
(each containing 7 g) and the extracellular fluid (ECF) (1 g) [Nor76]. For 
concentration in plasma see 2.2.3. 
Vanadium 
Vanadium is distributed fairly widely through out the body although data of 
vanadium concentration is discordant doubtless due to analytical problems [Und77]. 
Vanadium is a dietary trace element suggested to be essential for higher animals and 
has as yet no reported physiological function. Its intracellular concentration is 
approximately 20 nM (0.001 mg L-1) [GolOO] and the bulk of the intracellular 
vanadium probably in the vanadyl (+4) form. In the last decade V has been found to 
act in an insulin manner in the main target tissues [CamOO] [GolOO], although, it is 
not proven whether V mimics insulin effects or ameliorates these [CamOO]. 
Vanadium is also linked with several diabetes related complications e.g. lipid 
metabolism, inhibition of cholesterol synthesis accompanied by decreased plasma 
phopholipids and cholesterol. It is thought that vanadium does not act independently 
as the glucose lowering effects depend on endogenous insulin, but rather augments 
specific tissue sensitivity to low plasma levels, concluding that V acts in a 
discriminating fashion by enhancing rather than imitating insulin effects [CamOO]. 
The deficiency of this disease is hypercholesterolemia levels. In spite of this, the 
main obstacle ofV is to overcome its toxicity [Blo94]. 
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Chromium 
Although reasonably abundant in the environment, chromium is present in the 
human body in relatively small amounts, see 2.2.3. The lack of reliable analytical 
techniques due to the difficulties of measuring chromium at the low levels found in 
body fluids, the possibility of contamination and actual chromium deficient humans 
had slowed down analytical work in this area [Sco98] [Und77]. The common ionic 
forms of chromium are the Cr3+ and Cr6+, however Cr6+ is quickly reduced to Cr 3+ 
under nutritional conditions. Essentiality of chromium is no longer under question; 
chromium has been found to be associated with the so-called Glucose Tolerance 
Factor (GTF), important in potentiating the action of insulin. Many studies have 
been undertaken and reports have stated that not all glucose intolerance is due to 
chromium deficiency, even though individuals are chromium deficient [Her94]. 
Recently it has become very important to identify this GTF. 
Lipid metabolism also has been linked to chromium deficiency, hyperlipidemia and 
atherosclerotic disease however, most of this work was performed when methods 
were still unreliable and so links to this work require further studies [Her94]. 
Manganese 
The total body content is in the region 12-20 mg for a 70 kg man [Und77]. 
Concentrations are very low, see 2.2.3 and distributed throughout tissues and fluids 
while only a small amount is absorbed through the intestine. Mn is an essential 
component of a number of enzymes however there is no clear evidence of any 
deficiency in man although there are some deficiency reports in animals associated 
with poor growth, impaired reproduction (disorders in spermatogenesis), defective 
collagen formation and impaired glucose tolerance [Nie03]. This lack of evidence 
could possibly be due to the low nutritional requirements and concentrations as well 
as the unknown nature of the element. Mn concentration is somewhat higher in 
erythrocytes than serum so for analysis purpose erythrocytes are advised [Sco98]. 
Iron 
Iron content varies considerably with age, sex, nutrition and state of health. A normal 
70 kg man contains --4-5 g (60-70 J..Lg g-1) of iron [Und77]. Concentrations of various 
blood fractions can be seen in 2.1.3 and 2.2.3. 
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Fe is an essential part of haemoglobin but in its free state can act with hydrogen to 
produce the toxic peroxide hydroxyl radical when in its ionised state. To prevent Fe 
from catalysing reactions in the body it binds with the transfer protein transferrin, 
keeping it soluble therefore limiting the amount of free Fe in vivo [Leu98]. Ferritin 
is a storage protein found in most cells and provides a readily available reserve. 
Its deficiency is of prevalent nature occurring also in developed countries. It occurs 
through chronic blood loss in adults and usually dietary intake in children resulting 
in anaemia, reduced mental concentration and possibly some effect on the immune 
system [W al98]. A gene prevalent in "'5-1 0 % of the total population for the 
condition haemochromatosis (excessive iron absorption and storage) is a risk that 
can cause major problems. 
In blood, Fe appears in the ratio 1000: 1 for erythrocytes to plasma (i.e. haemoglobin 
to transferrin) with a small amount in the form of ferritin in serum and leukocytes 
[Ale94]. 
Cobalt 
Cobalt is a unique element, as its need cannot be met by the mineral form. Whole 
body content in 70 kg adult is estimated to be 1.1 mg, 85 % of which is incorporated 
into the cobalamin or low molecular weight proteins. The remaining 15 % are found 
in the skeleton [Thu94]. It is required for the synthesis of vitamin B12 and it is an 
essential component of the corrin ring of cyanocobalamin (vitamin B 12). Deficiency 
of this vitamin causes pernicious anaemia, which causes a lack of absorption from 
the diet through the absence of the intrinsic factor. Suggestions have been made that 
elevated plasma homocysteine, a consequence of inadequate vitamin B 12 intake, is 
associated with cardiovascular disease [Nie03]. Cobalt deficiency is virtually 
unknown in man. In humans, Co does not accumulate in organs however; the highest 
levels are found in the liver and kidney. 
Copper 
Research into this essential trace element is well established. The copper content in a 
normal human is 50-100 mg; it is distributed throughout the body, with the brain, 
heart, liver and kidney having the highest concentrations [Sar94]. For blood fraction 
concentrations see 2.1.3 and 2.2.3. The most well known Cu protein is 
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ceruloplasmin; synthesised in the liver it has enzymatic oxidase activity and is an 
acute phase reactant involved in response to inflammation and injury [Sco98]. 
Another protein is metallothionein, a binding protein, however its exact function is 
still unknown but copper containing metalloenzymes are believed to be involved in 
iron and zinc metabolism, elastin, haemoglobin, collagen synthesis and free radical 
scavenging [W al98] [Sar94]. 
fucrease in Cu concentration has been linked with disorders in the structure of the 
arterial walls, stress, inflammation and infection: in Parkinson's disease and diabetes 
mellitus [Bes98]. The relationship between an increase in Cu concentration and the 
oxidation of low-density lipoproteins (LDL) has been verified [Tan99]. Copper is 
frequently low in the Western diet and closely associated with heart disease risk. 
People with cardiovascular disease have shown low organ copper content and 
diminished activity of Cu dependant enzymes [Kle02]. 
Three non-specific mechanisms have been associated with cardiovascular defects of 
copper deficiency, i) peroxidation, ii) glycation and iii) nitration. These mechanisms 
independently provide potential damage to the body and their interaction presents 
further concern. All three of these mechanisms are associated with diabetes 
indicating that copper deficiency may aggravate deficits associated with diabetes 
[SaaOO]. 
Zinc 
Content in a 70 kg man is "'2.5 g, of which 60 % is stored in the muscle, ,...,30 % in 
the bones with the remaining 10 % distributed around the body [Thu94]. Many 
values are given in the literature but very few are reported to be a good marker for 
the status of zinc, these levels depend on age, sex, health and illness. The parameters 
most commonly used are concentration values in plasma and serum with nominal 
values between 0.85-1.22 J.lg mL-1 (0.85-1.22 mg L-1) [Thu94]. However, both of 
these mediums, with respect to a population suffer variances in concentration 
irrespective of zinc status, this is due to time of sampling, stress and infection 
[Sco98] [Wal98]. In blood fractions the distribution of Zn is thus: erythrocytes 80 %, 
plasma 17% and leukocytes 3 % [Thu94], for further blood fraction concentrations 
see 2.1.3 and 2.2.3. Zinc is absorbed as the Zn2+ ion mostly in the small intestine at 
the level of intestinal epithelial cells. 
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The role of zinc is vast with influence in over three hundred enzymes i.e. synthesis 
and metabolism of DNA and RNA, influence on the metabolism and synthesis of 
proteins. It prevents lipid peroxidation and maintains membrane structures. Zinc 
participates in glycolysis and plays a major role in the storage, synthesis (glucose 
metabolism enzyme) and secretion of insulin [Thu94]; decreased zinc affects the 
production and secretion of insulin, common in type II diabetes [Cha98]. Zinc is 
present in secretory granules of the islet p cells within the pancreas; Zn2+ released in 
certain conditions might influence the behaviour or survival of these islet p cells. 
[KimOO] has also shown that zinc is a contributor in islet cell death under some 
conditions and is not an inactive element, which in elderly people might aid in the 
progression of type II diabetes. 
Deficiency of zinc restricts growth and normal development and disorders of Zn 
metabolism have been reported in renal disease, inflammatory bowel syndrome as 
well as diabetes. 
Selenium 
Selenium was only officially recognised as an essential trace element for human 
health in 1990 [Shi88]. Previously, the major concerns about this element were its 
toxicity with respect to occupational medicine (refining and smelting processes) and 
from environmental exposure [Sco98]. Se intake is obtained from food crops within 
areas where Se is present in the soil. Some areas in the world are noticeably deficient 
in Se i.e. New Zealand, China and Finland [Sco98], Wales and Iraq. 
Selenium is an integral part of glutathione peroxidase (GPX) enzyme and that within 
cells, together with vitamin E, forms an antioxidant compound. It is known to reduce 
lipid peroxidation that too protects against membrane destruction, but it is also one 
of many enzymes that eliminate radicals in its own right [Alb98] [Leu98]. The 
development and advancement of various diseases, e.g. diabetes and coronary artery 
disease has also been promoted by selenium deficiency [ Alb98]. 
Se is found as distinct intracellular and extracellular variants however; clinical 
practice has shown that most selenium has been measured in blood plasma or serum, 
therefore giving an account only of the recent intake of the element, see 2.1.3 and 
2.2.3 for concentration with respect to heart disease and type II diabetes. Whole 
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blood and erythrocytes are less receptive to fluctuations and it has been proposed 
that these cells are more indicative when undertaking a study [W al98]. 
Of late, Se has shown to potentially be part of the acute phase reactant in which case, 
a decline in concentration of this element may be due to the result of tissue 
reorganisation rather than nutritional status [W al98]. Selenium affects all 
components of the 1mmune system and is necessary for the system's optimum 
performance. 
Se deficiency has been linked with two diseases in man, both endemic to China: 
Keshan syndrome and Kashin-Beck disease. Both diseases affected a large 
population due to a very Se deficient diet, though Se supplementation has virtually 
eradicated the first disease but the second one is still partially a problem indicating 
that another factor is involved. 
Large areas of North America (including most of the eastern and western coastal 
areas of the US and Canada), Northern Europe, Scandinavia and Australia/New 
Zealand produce feed crops that are deficient in the trace essential element, selenium 
(Se ), to meet the requirements of livestock 
Some reports have indicated links with muscular dystrophy, cardiomyopathy (as 
already mentioned) and cardiovascular disease. Toxicity of this chemical can cause 
gastrorintestinal upset, abdominal pain and cardio-respiratory arrest. 
Of the selenium deposited in any organ or tissue, 10% is retained with a biological 
half-life of 3 days, 40 %is retained with a biological half-life of 30 days and 50 %is 
retained with a biological half-life of 150 days. 
Molybdenum 
Levels in the hutnan body are hard to report as the quantity of Mo occurs in such low 
concentrations - similar to that of Mn, see 2.2.3. This is only the second transition 
period element to have specific biological functions [Ank94]. Its vast number of 
roles is down to its ability to exist in oxidation states from 2- to 6+, with co-
ordination numbers from 4 to 8. Sulphite oxidase, xanthine oxidase and aldehyde 
oxidase have been identified as Mo enzymes. Liver, kidney and the lungs store the 
majority ofMo with hair and skeleton accumulating a little. Mo deficiency does not 
appear to occur in humans as the accessibility of this element more than meets the 
requirement of humans, there is however a genetic disorder in children resulting in 
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severe deficiency of a Mo cofactor [Ank94]. Carbohydrate and lipid metabolism in 
diabetic rats shows that Mo mimics certain insulin actions in vitro [Ozc96]. 
Tin 
Until recently the interest in tin rested on its toxicity. Currently attention has been 
paid to the effect Sn2+ has on haem metabolism, it being an inducer of haem 
oxygenase [Sco98]. Its toxicity may have some effect on inhibiting mitochondrial 
ATPase and the splitting oxidative phosphorylation. While piloerection, blood 
pressure response and hyperglycaemia can be associated with tin-amine compounds 
[Sco98]. Sn is associated with I, Sn supports the adrenal glands while iodine 
supports the thyroid gland. Both of these glands affect cardiac function and as a 
consequence increased or decreased levels of Sn will also affect cardiac function. 
Determination of ng g-1 levels of Sn is a difficult analytical task due to its low 
sensitivity, tin is readily lost in drying or ashing due to its volatility so care must be 
taken when preparing samples therefore any reported value for tin may be too low 
[Ang94]. 
Iodine 
I is associated with Sn and share right/left sided cell receptors and are considered 
essential to human health. It is important for biological use in the thyroid gland in 
the human body. Iodine is used by the thyroid to produce the hormone thyroxin, 
which is used to control dietary functions, mental and physical development and 
control puberty in adolescents. The effects of iodine deficiency diseases (IDD) 
include, growth and physical development abnormalities, maternal complications in 
child bearing and tnore severely in mental retardation of newborn children. The most 
significant of iodine deficiency is goitre, which is a large swelling in the neck due to 
the enlargement of the thyroid gland in an attempt to produce more thyroxin. 
3.3 Oxygen Reactive Species and Free Radicals 
Much evidence has been produced indicating that manganese, iron, copper and zinc 
along with selenium are a significant group of elements in the field of coronary heart 
disease and coronary artery heart bypass grafting research. Evidence has increased 
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that deficiencies of elements e.g. selenium and zinc and excesses e.g. iron, give rise 
to oxidation of biomolecules and cell injury, while antioxidants and their relevant 
trace elements e.g. copper, zinc and magnesium, play a role in preventing 
atherosclerosis [Fan02]. 
Free radicals have one or more unpaired electrons in their outer orbital, indicated in 
formulas as [•]. As a consequence they have an increased reactivity with other 
molecules. This reactivity is determined by the ease with which a species can accept 
or donate electrons. They are highly reactive and vital in a vast number of biological 
processes [Fre82]. The prevalence of oxygen in biological systems means that 
oxygen centered radicals are the most common type found. The term reactive oxygen 
species (ROS) rather than oxygen radicals is now generally the preferred term 
because singlet oxygen - superoxide (02•), hydrogen peroxide (H202), hydroxyl 
(OH), hypochlorous acid, peroxide, nitric oxide (NO•) and hydroperoxide have 
chemically reactive and harmful oxygen containing functional groups, but are not 
radicals, they do not necessarily interact with biological tissues via radical reactions. 
They can be grouped into superoxide and hydroxyl radicals [Coy93] [Bea95]. 
These ROS are not allowed to accumulate in large amounts and are removed by the 
body's defence system. Large amounts of these radicals could result in oxidative 
stress and could lead to permanent damage to cell tissue; therefore it is necessary to 
maintain a fine balance between the free radicals and the antioxidants that counteract 
these. These five major trace elements either aid in the formation of radicals or act to 
safeguard the body from these destructive products [Leu98]. Copper, zinc and 
manganese are all part of the superoxide dismutase, free radical scavenging 
enzymes. In the absence of these SOD's, superoxide anions react with H20 2 to form 
•oH radicals. Manganese SOD is found in the mitochondrial matrix, copper/zinc in 
the cytoplasm and extracellular SOD (EC SOD) is found in many cellular fluids: 
plasma, lymph and synovial. Without these SODs, previously oxidative stress, lipid 
peroxidation and cell membrane destruction can occur. Cu/Zn has what is known as 
redox roles, where it acts as a co-factor in the regulation of the antioxidant enzymes 
and is also a part of the active site where initiation of free radicals occur [ Alb98]. 
Transfer proteins, such as ceruloplasmin and metallothionein for Cu and albumin for 
Zn, bind these ions to prevent catalytic reactions of hydrogen peroxide to free 
radicals [Leu98]. Superoxide dismutase, their anti-inflammatory quality and the 
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modulation free radicals play in inflammatory response was recognised long before 
the enzymatic activity of this protein was established [Fre82]. 
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Chapter 4 Biological Systems 
A study of elemental status with respect to disease necessitates a sample medium 
that displays elemental concentration, distribution and turnover in the body. It is by 
far the most important step to consider; the choice of material should represent the 
focus of study. 
Many options are available for biological studies including blood components 
(erythrocytes, plasma, serum and whole blood), urine and keratinous tissue such as 
hair and nails. With the exception of blood, these are often favourable materials as an 
analyte as they are easily accessible samples providing valuable data that may be 
adequate for the needs of the research. Sometimes more useful information may be 
supplied by analyses of tissue samples however, there are huge questions regarding 
the ethics of obtaining these tissues and more recently questions about the 
acquisition ｾｦ｢ｬｯｯ､＠ itself. 
4.1 Experimental Evaluation of Biological Systems 
In the initial year and a half of the research, four separate studies were carried out 
involving various biological tnaterials, all analysed using Instrumental Neutron 
Activation Analysis (INAA). These biological systems were assessed to establish the 
most appropriate material or materials for research and hence determination of 
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elemental composition and concentration. The studies also provided the necessary 
opportunity to gain knowledge in the practical aspects of INAA and to become 
experienced in the analysis of gamma-ray spectrum data for quantitative results. 
By becoming familiar with the radioanalytical method of INAA [AdmOl] [Aka04] 
[Alt04] and being aware of the materials effectiveness at providing information 
reliably, having undergone sample collection, preparation and manipulation, ensures 
that quality data is obtained with regard to my future work. 
It is important to note that it was, primarily, the biological material under evaluation 
here and not the subjects. 
The experimental studies are briefly mentioned: 
Study 1 
Title An intercomparison between the elemental compositions of whole blood 
samples obtained from a female Nigerian population with and without breast 
cancer using Instrumental Neutron Activation Analysis (INAA). 
Table 4.1.1: Mean concentration (mg L-1 ± SD) of elements determined in whole blood from 
female a ed matched Ni erian o ulation with and without breast cancer, n = 10. 
Breast Cancer Without Breast Cancer 
159 ± 32 134 ± 38 
282 ± 46 223 ±58 
Br 4.2 ± 3.0 10.1 ± 2.5 
AI 25 ± 15 116 ± 110 
K [14179] 16155 ± 3800 
[] only detected in one sample 
All standard deviations calculated in this work are for a sample (Sn-1). 
An example of concentration and propagation of error calculation for one sample can 
be found in Appendix I. 
For rules stating uncertainties see Appendix II. 
Study2 
Title An investigation into the elemental status of hair obtained from a Nigerian 
population with Sickle Cell anaemia using Instrumental Neutron Activation 
. \ Analysis (INAA). 
32 
Biological Systems 
Table 4.1.2: Range of concentrations and mean concentrations (J.lg g-1 ± SD) of elements 
determined in hair from aged matched Nigerian population with and without Sickle Cell 
anaemia, n = 10. 
Sickle Cell Controls 
Concentration (JJ.g g-1) :1: SD 
Element Range Mean Range Mean 
Mg [1128] - 164.4- 870.2 399 ±280 
AI 18.2- 176.6 60 ±45 19.9- 83.5 44 ±22 
Cl 110.7- 905.5 401 ±270 67.2-629.5 216 ± 180 
Mn 1.11- 12.46 8.2 ±4.0 2.16- 10.91 7.7 ±3.8 
Br 3.05 -7.93 4.2 ±2.5 2.10-4.57 3.2 ±0.9 
I* 0.105-0.331 0.18 ±0.08 0.055 - 0.675 0.38 ±0.21 
[ ] only detected m one sample 
* concentration calculated with single elemental standard 
Study 3 
Title Elemental composition of hair and bone density measurements at diagnosis 
in paediatric inflammatory bowel disease [ Aka04]. 
Study 4 
Title The University of Surrey database of elemental composition of human hair 
[Alt04]. 
From Study 1, it became apparent that blood provided detection with acceptable 
errors for most of the elements and will be the most useful biological satnple. 
Although as discussed earlier blood, is becoming less accessible, it will be worth the 
time and effort to obtain this material as it provides through its components' 
(erythrocytes, . plasma, serum and leukocytes) various lifespans, diverse information. 
It was anticipated that this diverse information would be valuable with respect to 
leukocyte fractions where different types of leukocytes are involved in numerous 
aspects of immunity and inflammation (NB no leukocytes were analysed in these 
studies). 
In studies 2-4, hair was the other biological material considered. Due to its growth of 
---10 mm per month, it is a useful material for determination of trace elements over 
longer chronological periods. Therefore, there maybe some advantage to considering 
this material for future analytical work and will be discussed in 10.1. Trace element -
content in hair can be affected by external factors e.g. shampoo and environment and 
it is important to clean the hair to remove surface contamination without leaching 
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internal material, therefore the International Atomic Energy Agency's (IAEA) 
recommended procedure was used [Iae78]. 
4.2 Blood Composition 
The total composition ofblood in a healthy adult is ,...,61itres, this equates to 7-8% of 
total body weight. Of this approximately 55 % is plasma, while the other 45 % are 
blood components: of these 99 % are erythrocytes (red blood cells) and 1 % are 
leukocytes (white blood cells) and thrombocytes (platelets). A more detailed account 
of blood composition can be found in Table 4.2.1. 
T bl 4 21 N . h I bl d a e . orma pertp. era 00 coun . . . 
Cell 
Haemoglobin 
Etythrocyte 
Recticulocyte (young non-nucleated cells) 
11 
* 
Leukocytes (total) 
"Neutrophils 
"Eosinophils 
"Basophils 
*Monocytes 
*Lymphocytes 
Haematocrit 
Mean cell volume 
Mean cell haemoglobin 
agranulocyte (leukocyte) 
granulocyte (leukocyte) 
Plasma and Serum 
t [M bOO] e 
Normal Concentration 
11.5- 15.5 g dL-1 (female), 13.5- 17.5 g dL-1 (male) 
3.9- 5.6 x 1012 L-1 (female), 4.5- 6.5 x lOIZ L- 1 (male) 
0.5- 3.5 %, -25-95 x lOY L-1 (female) 
4.0- 11.0 X lOY L-1 
2.5- 7.5 x lOY L-\ (1.5- 7.5 x lOY L- 1 in black people) 
o.o4 - 0.4 x 1 oy L-1 
0.01 - 0.1 X lOY L- 1 
0.2- 0.8 X 10, L-1 
1.5- 3.0 X 10, L-l 
0.38-0.54% 
80- 100 fL 
27-33 pg 
If coagulation is prevented then the liquid fraction of the blood is known as plasma. 
If clotting occurs, then the liquid portion from the clot (with the loss of fibrinogen) is 
known as serum. 90 % of plasma is water; the remaining 10 % is composed of 
carbohydrates, vitamins, proteins (albumin, globulin and fibrinogen), lipids, salts, 
hormones and enzymes. 
Thrombocytes 
Thrombocytes or platelets are non-nucleated cells and circulate within the body for 
6-8 days. Their lifespan is reduced when there is an infection. 
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Erythrocytes 
These red blood cells contain haetnoglobin, which allows them to carry oxygen and 
carbon dioxide. Mature cells have no nucleus, ribosomes or mitochondria and 
longevity of about 120 days therefore giving fairly long-term elemental information. 
Leukocytes 
This is the general term for white blood cells. There are five types of leukocytes, all 
of which are involved in the body's defence system. They work closely with protein 
components of the immune response, immunoglobulins and complement activation. 
These five subfractions are grouped into two classes according to nuclear 
morphology: polymorphonuclearcytes (PMN, granulocytes) have segmented nuclei, 
while peripheral blood monocytes (PBMC, agranulocytes) have non-segmented 
nuclei. Neutrophils are the most common granulocyte (55-70 %) and are attracted to 
sites of injury and infection, where they adhere to vessel walls in a process known as 
margination. They migrate into surrounding tissue and engulf bacteria by 
phagocytosis. Their lifespan is short of around 10 hours. Agranular monocytes are 
the largest cell type, and constitute 5-8 % of total leukocytes and have a longer 
lifespan than neutrophils where they circulate for 20-40 hours. If necessary they can 
survive for many days, up to months. They destroy pathogens and cellular debris; 
produce cytokines, which govern inflammation ati.d cellular response and process 
antigens. 
The immune system has the role of controlling or eradicating an infection. These 
cells either directly fight infection or control other cells to do so. The initial immune 
reaction leads to a cascade of other immune reactions. Cells of the immune system 
communicate and co-operate in a complex manner but the full operation of the 
immune system is far from being understood. Once the inflammatory process has 
begun, it continues until the infection has been eradicated. The inflammatory 
response should only last for as long as the infection exists. The route by which the 
inflammatory response ends is now only beginning to be understood. The immune 
cells once they become activated, are primed to commit apoptosis. T -helper cells 
emit the stay-alive signal, therefore prolonging the inflammatory response. Only 
when the infection has been eradicated do the cells die off. If foreign antigen is not 
eradicated from the body or the helper T -cells do not recognise that fact, or if the 
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immune cells rece1ve the stay-alive signal from another source, then chronic 
inflammation may develop. This is certainly an unwanted complication when also 
trying to recover from stressful surgery. 
Polymorphonuclearcytes are activated in diabetes mellitus through metabolic 
instability due to lack of diabetic control [KarO 1] and hence a considerable number 
of superoxide radicals and hydrogen radicals can be produced. The immune response 
during and post operative is the key to a patients recovery. Vascular complications 
and its developments may be exacerbated by increased oxidative stress and reduced 
antioxidant status [Pro91] [W at93]. 
4.2.1 Variation in Elemental Concentration of Blood Components 
Plasma and Serum 
In blood analysis it is important to be aware that there are differences in element 
concentrations between the various components of whole blood. "The distribution of 
trace elements between cells and plasma varies by more than four orders of 
magnitude, from iron concentration in the haemoglobin of erythrocytes to calcium 
dissolved in plasma" [Hey84]. Several conflicting reports concerning results from 
plasma and serum indicate that plasma has lower concentrations of elements 
compared to serum; others report that serum is higher and some indicate that there is 
little or no difference in concentration [Smi87]. Concentrations of iron are usually 
greater in serum, up to twice the concentration that is found in plasma, due to 
haemolysis although this causes an almost undetectable change in zinc and other 
trace element concentrations [Hey84]. With regard to zinc, results have shown 
elevation in serum, reduction in serum or no difference. A suggestion [Smi87] is that 
the zinc difference in serum could be due to platelets contaminating the serum and 
that certain anticoagulants (citrate) can create an osmotic potential between the blood 
cells and the plasma resulting in dilution of the plasma fraction. Or that the 
difference of concentration between plasma and serum was due to the effects of cell 
volume i.e. the less the number of cells per volume of blood, the less the difference. 
Heparin, also used as an anti-coagulant showed no statistical difference between 
plasma and serum when measuring analytes [Smi87]. One of the preferred reasons 
serum is not used is that it has shown to be susceptible to immediate lifestyle 
changes and recent body indications, as well as the susceptibility to contamination 
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by any collection, separation, purification and analysis technique used. Zinc and 
copper concentrations in serum, although routinely used, are in disease, poor 
indicators of their body intake [Ant92]. 
Erythrocytes 
Researched work shows that the tnajority of blood analysis work except for a few 
publications detail analysis on whole blood, plasma, serum and erythrocytes. Zinc 
information from erythrocytes has been useful for indicating longer-term zinc status, 
as the average lifespan of erythrocytes is approximately 120 days [Whi82], while 
platelets have a lifespan of seven to ten days. It is thought that erythrocyte trace 
element concentrations may reflect the longer-term or at least a more general trace 
element indication. 
Therefore it seems appropriate to question whether more biological informative data 
could be obtained from types of blood cells other than erythrocytes: in particular 
leukocytes. 
Leukocytes 
Extensive research had highlighted only a few publications on the elemental 
concentration of leukocytes and its fractions. This is a new area of research using the 
techniques of INAA and PIXE analyses; all previous literature determines elemental 
concentrations in these fractions via chemical analytical methods and until now no 
elemental concentrations of PBMC and PMN have been determined via INAA and 
PIXE analysis. The leukocytes will be separated into the subfractions: 
polymorphonuclearcytes (PMN) and peripheral blood monocytes (PBMC). It is these 
intracellular blood components that will be the focus in the research. They can be of 
great importance especially in endocrine diseases, it is thought that elemental 
concentrations from blood cells give more valuable indications about the body's 
metabolic state than trace element concentration in plasma or serum [KruOO]. The 
analysis of various types of leukocyte subfractions e.g. PMN (neutrophils, 
eosinophils, basophils) and PBMC (lymphocytes and monocytes) could also be 
significant. They may lead to a better understanding and act as indicators of medical 
complications and diseases, since they are homogeneous, nucleated cells [MeiOl], 
more representative of biological tissue. Their diverse lifespans will in tw·n aid us in 
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determining the relationship between trace elements and longer complications as 
well as having different susceptibilities to environmental, diet or lifestyle changes. 
With regard to PMN, susceptibility against infectious agents is impaired in the 
diabetic population; consequently diabetics often suffer from infection [NavOO]. 
While [Ant92] suggests PMN zinc concentration is unaffected by inflammation and 
stress and therefore these cells may give more detailed information about Zn status. 
PMN have a short lifespan ＨｾＱＰ＠ hours) and quite a high zinc level, see Table 4.3.3 
and so the acute zinc status should be revealed more promptly in these types of cells 
[Whi82]. It is hoped that the same principle with regard to facts and improved data 
will apply to PBMC. 
First it was necessary to establish a separation method for extracting the leukocyte 
fractions without elemental contamination. Separation techniques are very difficult 
to perform under these circumstances and the procedures routinely used are in 
haematology departments where trace elements are of no concern. 
Several leukocyte separation techniques were carried out by density gradient 
separation medium using discontinuous density gradient centrifugation [Whi82] 
[Mil85] [ Ant92] [KruOO]. There were suggestions in the literature of two or three 
layer density gradients depending on the degree and type of separation required, and 
density gradient was suggested for the fractionation of platelets [Bil90]. Further 
expansion on the leukocyte separation procedure and density medium adopted, can 
be found [Adm03] and further discussed in 6.3. 
All of these separation techniques are extremely complex and thorough practice on 
blood of "normal" subjects was necessary to refine the separations before 
commencing with the selected technique on whole blood samples from non-diabetics 
and type II diabetics undergoing CABG surgery. 
Before separation and analysis commences it is worth considering why there are only 
a small number of publications regarding the determination of elemental 
concentrations of PBMC and PMN. In general, Zn concentration values have 
decreased as analytical methods have improved indicating that any trace analysis is 
very sensitive to external contamination. This may be due to minute material 
quantity; improved techniques in cell separation, improved analyses methods as well 
as environmental and dietary habits. 
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4.3 Sample Collection 
"Trace element data is enormous although a vast amount of it is inaccurate because 
of the sensitivity of trace element analysis and the lack of reproducible results" 
[Iye91]. Due to the above statement it is imperative that extensive consideration is 
given to the sample population, collection, preparation and analysis, along with the 
data analysis of all trace element research. 
4.3.1 Sample Quality 
When quality is defined in terms of analytical procedure, it can be characterised by 
the size of analytical errors occurring and the extent to which these errors affect final 
results. Quality of analytical analysis could be grouped as: method evaluation, 
quality control and external quality assurance systems for documentation, of both the 
analytical performance and traceability of results. Quality is a complex concept; the 
importance of characteristics and features vary over time and user [Sei94]. 
Whole blood was collected from patients within the Cardiothoracic Unit at St. 
George's Hospital, London, UK. These patients were either type II diabetics or non-
diabetics undergoing CABG surgery. Samples were collected at pre-, during and 
post-operative timepoints as previously discussed (with qualified medical staff from 
St. George's Hospital). Limitations and conditions had been stipulated to reduce bias 
and to aid in reproducible results and full medical history, medication and operative 
procedures were taken of the patients (i.e. age, gender, general health, drugs etc) to 
aid in manipulating the results. This was in accordance with a previously written 
protocol; see Appendix V, which already had approval from the St. George's 
Hospital medical staff involved and St. George's Hospital Ethics Committee. 
In the analysis of blood from CABG patients with and without type II diabetes, it 
was deemed necessary to evaluate several parameters that may have significant 
influence on the results of the patient data prior to blood being collected. 
Establishing and evaluating the blood separation technique was critical since the 
blood collection system, see 4.3 .2, the washing media and the steps used in the 
separation technique could all be considered as contributors of elemental 
concentration and may provide interferences [Adm03] [Adm04]. For discussion of 
results see 4.3 .3. 
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4.3.2 Blood Collection System 
In any trace element investigation, it ts important that an appropriate sample 
collection container is used, one that does not contribute to any extent in the results 
of the experiments. Given that small amounts of elements and metals are present in 
sample collection vessels, bungs, caps and vials etc, all with the potential to leach 
out into the sample, careful consideration must be given to the type of container used 
for collection of the biological fluid for trace· elemental analysis. 
Plastic tubes containing Li heparin are recommended for the collection of human 
blood plasma, while for serum glass containers would be suitable. However, using 
glass containers holds true only for the analysis of zinc and copper and not for the 
analysis of aluminium as glass releases this element [Sco98], plastic BD 
Vacutainers™ are available for aluminium analysis. 
BD V acutainers™ are often used for several types of blood collection. These 
collection systems are supplied by Becton Dickinson UK Limited and are available 
in different collection sizes with varying tube contents according to the type of 
analysis required post collection. For trace element analysis special "trace metal" BD 
Vacutainers™ are available, especially for Cu and Zn analysis as the stoppers on 
ordinary BD Vacutainers™ release Cu and Zn during storage [Sco98]. 
Other blood collection tubes, stainless steel needles and disposable pipettes have 
been evaluated for trace element analysis in blood collection. For elements normally 
present in blood or serum at concentrations greater than 10 J.Lg ｌｾ Ｑ Ｌ＠ contamination 
was generally negligible (i.e. less than 1% of expected concentration) however, 
contamination could severely impair accuracy for elements with concentrations less 
than this. Commercial blood collection and serum separator tubes were the main 
problem, especially for aluminium and barium [RodOl]. 
It was essential however, to give consideration to different blood collection systems 
used within St. George's Hospital. This was to a certain extent necessary in order not 
to disrupt established procedures during the operation. Three closed containers; all 
different types of evacuated BD Vacutainer™ two of which are used in the 
Cardiothoracic Unit at St. George's Hospital were evaluated. Whole blood from 
"normal" subjects prior to separation was collected in the containers described: 
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Plasma tube - lithium heparin with BD Hemogard™ (green closure). 
Trace element tube - sodium heparin, with BD Hemogard™ (royal blue closure). 
These containers are the most recent BD V acutainer™ to be introduced onto the 
market by Becton Dickinson UK Ltd (not used by St. George's Hospital). They 
provide a certificate of the maximutn trace element concentrations extracted by 
blood per litre from this tube see Table 4.3 .1. The volume that a trace element tube 
holds is 7 mL and so calculations of the concentration of elements extracted per 
sample can be made. 
EDTA tube- potassium EDTA with BD Hemogard™ (pink closure). 
Table 4.3.1: Maximum certified concentration provided by Becton Dickinson UK Ltd of 
elements extracted by blood from the trace element (blue) BD Vacutainer™ and calculated 
maximum concentration extracted er sam le collected in these tubes [BecOl • 
Element Concentration L-1 Concentration sam le-1 
Zinc 40.0 0.28 
Ma nesium 60.0 0.42 
Iron 60.0 0.42 
Lead 2.5 0.0175 
Calcium 400.0 2.8 
Co er 8.0 0.056 
Arsenic 1.0 0.007 
Man anese 1.5 0.0105 
Cadmium 0.6 0.0042 
Chromium 0.9 0.0063 
Antimon 0.8 0.0056 
No information concerning elemental concentration has been reported for the 
collection of blood fractions e.g. erythrocytes, plasma and serum and . the only 
alternative collection system to BD Vacutainer™ suggested is the use of use plastic 
coated needles and acid-leached plastic syringes. This system however would not be 
feasible when collecting from CABG patients, as the bypass equipment sets 
limitations for blood collection. It is preferable for both staff and patient to collect 
blood from a catheter that has already been inserted into the patient for blood 
monitoring, by medical staff prior to the operation. 
For blood collection, it is also vital to avoid contamination of the blood with the use 
of a needle. It is preferable that blood samples be taken without the use of a stainless 
steel needle as Cr and Mg could contaminate the blood [Sco98]. It is recommended 
that a teflon catheter, allowing .....,20-40 mL of blood to flow through into an unused 
container to obtain a true sample is used [Ver85]. This procedure was followed. 
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4.3.3 Evaluation of Washing Solutions and BD Vacutainers™ 
This study was to establish the following: i) knowledge in the use of INAA, ii) a 
viable, contamination free method that allows good elemental detection in the two 
main types of leukocytes sub fractions, using density gradient media as the separation 
technique, iii) evaluation of blood collection vessels and iv) evaluation of an 
appropriate washing solution. 
All elements were quantified by the "comparative method", see 5.1.8 using the 
reference materials or single element standards indicated. Analysis was conducted 
using "normal" blood. 
An example of concentration and propagation of error calculation for one sample can 
be found in Appendix I. 
Leukocyte concentration is quoted in units of f.!g 109 cells-1 and not per weight, see 
6.3.1 for leukocyte concentration calculations. 
Sample and standard preparation 
Leukocyte subfractions, polymorphonuclearcytes and peripheral blood monocytes 
were separated and prepared, see section 6.3 and pipetted directly into pre-cleaned 
polyethylene irradiation capsules for INAA. 
Bowen's Kale and Standard Reference Material, Bovine Liver (SRM) NIST-1577b 
were prepared as pellets and fixed onto plates as described in 6.6 and used for 
Quality Assurance and comparative analysis as calibration factors. Duplicate pellets 
of the Bowen's Kale and SRM were analysed. 
In addition "single element" Se standard solutions with masses of 10, 25, 50 f.!g were 
pi petted directly into pre-cleaned polyethylene irradiation capsules. 
Experimental analyses, set-up and irradiation conditions 
INAA irradiation time (ti) 90 seconds 
One-shot CAS (pseudo) system waiting time (tw) 2 seconds 
counting time (tc) 90 seconds 
INAA irradiation time ( ti) 19 seconds 
One-shot CAS (pseudo) system waiting time (tw) 2 seconds 
counting time ( tc) 19 seconds 
INAA irradiation time ( ti) 300 seconds 
ICIS system waiting time (tw) 120 seconds 
counting time ( tc) 300 seconds 
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i) One-shot CAS (pseudo) was used for the initial set of measurements and detection 
of various short-lived nuclides. If better detection limits were required the process 
could be repeated by reloading the sample for re-irradiation, therefore giving 
cumulative counts when added to the first experiment. For further explanation of the 
irradiation systems see 5 .1.4. 
ii) A second set of measurements selected particularly for detection of 77mSe Ｈｴｾ＠ = 
17.6 seconds) was also carried out on the CAS system. 
iii) The ICIS system was used for detection of relatively longer-lived nuclides e.g. 
56Mn Ｈｴｾ＠ = 2.58 hours). 
Results and Discussion 
Consideration is given to the BD Vacutainer™ blood collection systems and the 
different washing solutions used while paying attention to the effect these will have 
on trace element concentrations. Figure 4.3 .1 shows normalised values (with respect 
to sample no. 5 and sample no. 7) of concentrations of the three elements Mg, Mn 
and Se in PBMC and PMN respectively. 
Figure 4.3.1 suggests that for the leukocyte subftaction PBMC theSe value is fairly 
consistent throughout all samples and therefore appears not to be influenced by 
either the washing solutions or BD V acutainer™ type. Se concentration ratios in 
PBMC and the different types ofBD Vacutainers™ as indicated in 
Table 4.3 .2 substantiate this. This is less strongly borne out by the comparison of the 
washing solution (PBS to mannitol) ratio for Se, as shown in the same table. The 
ratio values determined for Se concentrations in PBMC and PMN were comparable. 
However Se concentration values for the PMN subftactions indicated in Figure 4.3.1 
does not show the same consistency from sample to sample. 
Mn concentration on the other hand appears to show inconsistency with regard to the 
BD Vacutainer™ in which the sample was collected and the washing solution used. 
It is suspected that both of these parameters may have an effect on the elemental 
concentration and for example the large value of Mn in sample no. 10 is likely to be 
' due to contamination. 
Figure 4.3 .1 illustrates that the Mg values also vary; however, PBMC sample no. 5 
and no. 6 and PMN sample no. 7 that were collected in the trace element (blue) BD 
Vacutainers™ are of similar value. 
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Figure 4.3.1: Normalised concentration values with respect to sample no.5 for peripheral blood 
monocyte (PBMC) and sample no.7 for polymorphonuclearcyte (PMN). 
Sample no. 1, 2, 3- EDTA tube (pink), sample no. 5, 6, 7- trace element tube (blue), sample no. 
10, 11, 12- plasma tube (green). Error bars (1 standard deviation) are represented as 
propagation of error ratio, see Appendix I. 
Table 4.3.2: Comparison of ratio concentration of peripheral blood monocytes (PBMC) in BD 
V TM d f h' 1 • acutamer tn: es an o was me so ut10n. 
Element BD Vacutainer™ Type/Washine medium PBMC ratio± error(%) 
*Selenium plasma tube (green)/ trace element (blue) 1.00 (± 22.9) 
EDTA tube (pink)/trace element tube (blue) 1.18 (± 24.6) 
PBS/Mannitol 0.83 (± 23.7) 
*CAS irradiation conditions: ti = 19s, tw = 2s, tc = 19s 
Only a very small number of values have been published with respect to elemental 
concentration in leukocyte subfractions. They focus on the elements copper, zinc and 
selenium, the importance of zinc concerning human health is well documented and 
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the copper/zinc ratio indicates inflammatory response in endocrine disease [ Alb98]. 
Zinc and selenium play a role in the body's antioxidant process and zinc deficiency 
has been found to disrupt insulin resistance in type II diabetics [Zar98]. 
A comparison of results found in the literature is listed in Table 4.3.3. However, the 
detection of 65Zn (tY2 = 245 days) was not possible under the irradiation conditions 
applied in this work. This limited table clearly highlights further the need for future 
work in this area. 
Table 4.3.3: Zinc and selenium concentrations ± SD in polymorphnuclearcytes (PMN) from 
"normal" b' su ｾｊ･｣ｴｳＮ＠
Zinc concentration (JJ.g 109 cells-1) ± SD Reference 
20.3 ±9.8 [KluOO] 
10.4 ± 1.3 [Whi82] 
5.1 ± 1.1 [Mi185] 
4.6 ± 1.6 [Ant92] 
4.9 ± 1.1 [Pur86] 
3.9 ± 1.8 [Bog87] 
Selenium concentration (J.lg 109 cens-1) ± SD Reference 
3.2 ± 1.1 [Adm04] 
< 0.59 [Riik95] 
< 0.40 [KruOO] 
.. italic Illll11mum detection brmt 
Conclusion 
The extent of the effect of the type of washing medium, PBS or mannitol still 
remains to be resolved with any certainty and so needs to be explored further. 
Therefore PBS, the routinely used washing solution will be used for all future 
leukocyte separation in this research. 
Assessment of the BD Vacutainers™ indicated that the plasma tube (green), used 
regularly for plasma analysis in the hospital, was the least suitable collection tube for 
this type of analysis, while EDTA tubes (pink) are used for cross-match blood 
sampling in hospitals. The BD Vacutainer™ trace element tube (blue) is the 
collection vessel of choice, as this had the smallest influence on elemental 
concentration. All subsequent blood collections in this work will therefore be in BD 
Vacutainer™ trace element tubes (blue). Maximum trace element concentration from 
the tube to the blood is given in section Table 4.3.1[Bec01]. 
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This evaluation work was by no means unnecessary. Close inspection and 
consideration to many aspects of the experiments ensures that quality results are 
presented. 
4.3.4 Blood Temperature and Storage 
Not only is the collection vessel important but also the choice of anticoagulant, better 
separation of PBMC from platelets is achieved when EDTA was used as the 
anticoagulant [Mil85]. 
Room temperature ＨｾＲＵ＠ °C) is the recommended blood separation temperature; data 
indicated that at 4 oc the separation time had to be increased by at least 15 minutes 
and that the leukocytes did not form distinct bands [Fer80]. 
Storage time of the blood or blood fractions can also have an influencing effect; Cu 
and Zn have shown absorbance and short term changes in concentration and a 
recommendation has been made to prepare the samples the same day as the blood 
was drawn [Eri86]. The enclosed instructions for the medium used in the isolation of 
leukocyte subfractions (Polymorphprep™) advise that blood should be separated 
within 2 hours of drawing from the patient. The efficiency of separation with respect 
to the storage time of blood shows that for up to 6 hours the leukocyte sub fraction 
separation distances, the cell yield and the separation time all remain unharmed. 
However, after 6 hours storage the differential cell count showed large differences in 
the composition of cell types obtained from the blood [Fer80]. 
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Chapter 5 Analytical Techniques 
Analytical techniques with low detection limits and reproducible results of elemental 
levels are required for trace element determination; it is this that has delayed the 
identification of some trace elements in biological samples and hence the importance 
they play in some biological systems. Detection of these elements is a major problem 
for consideration and is by no means only a problem of development of 
instrumentation but that the concentration of some trace elements is extremely small, 
less than a part per million. 
The complementary analytical techniques used here: Instrumental Neutron 
Activation Analysis (INAA) and Proton Induced X-ray Emission (PIXE) analysis are 
both qualitative and quantitative, they are multielemental techniques that have been 
extensively used in trace element analysis. Both techniques have comprehensive 
quality assurance (not individual systems) due to the length of time both techniques 
have been available (PIXE since the 1970's and INAA for about 50 years). 
5.1 Instrumental Neutron Activation Analysis (INAA) 
This analytical technique is generally accepted as having high accuracy and 
reliability. It is the analytical method of choice when other methods give 
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irreproducible results or when a new method is being developed. Therefore it is 
known as the "referee method" [Orv98]. 
Hevesy and Levi discovered neutron activation analysis in 1936, while bombarding 
their sample with neutrons; the rare earth elements in the sample quickly became 
radioactive. Neutron activation is generally most useful for trace elements such as 
the rare earth metals, the platinum group elements and other heavy elements. 
Instrumental Neutron Activation Analysis (INAA) is a method of identifying and 
measuring trace quantities of elements in many types of materials. Sixty-seven 
common elements become radioactive when exposed to the neutron flux in a reactor, 
and consequently emit radiation that is characteristic for each element, allowing 
identification. More than fifty of the sixty-seven elements can be identified and 
measured [ Alf94]. 
5.1.1 The Research Reactor 
There are several types of neutron sources (reactors, accelerators, radioisotopic 
neutron emitters). In this work analyses were performed using the Imperial College 
Reactor Centre's Consort (II) Reactor, Silwood Park, Ascot, UK. 
Different types of reactor and different positions within the reactor have varying 
neutron energy distributions and fluxes due to the materials used to moderate the 
fission neutrons and the type of fuel used in the core. This is a 100 kW swimming 
pool reactor using enriched uranium (80 % 235U) as fuel and light water as a 
moderator and coolant. The fission of 235U provides fast neutrons, which are slowed 
down by collisions with the moderator. 
Two different irradiation systems: the Cyclic Activation System (CAS) and In Core 
Irradiation System (ICIS), described in section 5.1.4 are used at the Consort II 
Reactor. 
There are three principal categories of neutrons: 
Fast neutrons- energies above --0.7 MeV, primary fission neutrons. These neutrons 
contribute little to the {n,y) reactions but undergo other absorption reactions such as 
{n, p ), (n, 2n) and inelastic neutron scattering {n, n'). 
Epithermal neutrons- energies from> 0.5 eV to< 0.7 MeV, neutrons that have only 
partially been thermalised. Thermal and epithermal neutrons undergo primarily 
neutron capture (n, y) (n, a) {n, p) reactions and elastic scattering. 
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Thermal neutrons- at energies below 0.5 eV, where the neutrons are at equilibrium 
with an average energy of 0.025 eV at about 20 oc and therefore increasing the 
probability that the neutron will be absorbed by the nucleus. Thermal neutrons are in 
thermal equilibrium and follow a Maxwell-Boltzmann energy distribution around the 
mean thermal energy (E = Y2mv2 = kB T, k8 is the Boltzmann constant). At room 
temperature (-20 °C) the average velocity of the neutrons is 2200 ms-1• 
5.1.2 Principles of Neutron Activation Analysis 
Thermal neutrons are mainly responsible for neutron activation analysis, as the 
absorption cross-section in this energy region is generally inversely proportional to 
the neutron velocity (concept of 1/v absorber) indicating that it predominates at low 
energies. 
The main reaction that occurs with thermal neutrons is neutron capture (n, y) also 
known as radiative capture. A nucleus forms a compound nucleus, which almost 
instantly de-excites by emitting "prompt" gamma rays Ｈｴｾ＠ .....,10-14 s). However, the 
product nucleus may be unstable and will, in general, preferentially decay by p-
particle emission followed by "delayed" y-rays. 
I A v [A+1xJ A+lx ｯｮＫｺｾ＠ => z => z + r prompt 
l 
if unstable 
l 
(t'l) [ r -A+lx => A+ly + Of.l+V 
Z Z+l -lfJ 
l de-excitation to ground state 
A+Iy 
Z+l + r delayed 
(5.1.1) 
(5.1.2) 
Following irradiation of the biological material the sample is removed from the 
irradiation facility and delayed gamma rays are detected and recorded as an energy 
spectrum. The irradiated material emits characteristic y-rays of the nuclei rendered 
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radioactive and hence determination of the elemental concentration is possible 
through y-ray spectroscopy. 
Not all nuclides produced by INAA are unstable and therefore may not emit delayed 
y-rays. If they do they may possibly be very long-lived in which case may .emit very 
few y-rays for short irradiation (low activity) or alternatively these nuclides could 
only emit p· particles and decay directly to the ground state of the product nucleus. 
The emitted nuclides have varying half-lives ＨｴｾＩ＠ and can be divided for reactor 
irradiations into three categories: 
short-lived nuclides (half-life from < 1 second - several hours), intetmediate-lived 
nuclides (half-life from about 10 hours- several days), and long-lived nuclides (half-
life of several days - weeks, months, even many years, depending on the time of 
irradiation, the neutron capture cross-section and the fractional isotopic abundance). 
5.1.3 Activation Equation 
The total number oftarget nuclei (NA) of an isotope ;x of an element X is given by: 
where: m = 
f 
mass of target element 
fractional abundance of target nucleus 
Avogadro's number, 6.0221 x 1023 molecules 
atomic weight ( amu) 
(5.1.3) 
The probability of interaction of neutrons with nuclei is dependent on the energy and 
reaction cross-section. The reaction rate per target nucleus, i.e. number of events per 
unit time per target nucleus (R, s-1) for a target nucleus of microscopic neutron 
capture cross-section (o; cm-2) when subjected to a neutron flux (¢, cm·2 s-1) is 
shown as: 
R = r)cr (5.1.4) 
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The rate of formation of the product nuclei is: 
(5.1.5) 
However, if the newly formed product nuclei (NA+.) are unstable and therefore 
decay, the rate of production of the product nuclei (radionuclide) is the difference 
between the rate of formation and the rate of decay of the product nuclei (N A+l): 
dNA+t = "-aN -A-N dt 'r A A+l (5.1.6) 
with a decay constant of A (= ln2/tYz). For an irradiation time of ti, the number of 
product nuclei of the isotope is found by integrating the previous equation, giving: 
N =¢aNA (1-e-A.'') 
A+l A (5.1.7) 
(and NA+lA is the activity ofradionuclide produced) 
After a waiting time tw, this is the time between end of irradiation and time of 
counting. The number of product nuclei at the beginning of counting is given by: 
(5.1.8) 
Therefore the detector response (full energy photopeak counts) for the gamma-ray of 
interest detected when the radionuclide is counted for time tc (and taking into 
consideration the decay during the counting period), is given by: 
(5.1.9) 
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absolute detector efficiency for the x-ray of interest 
branching ratio for they-ray of interest 
5.1.4 Irradiation Systems 
When planning INAA the half-life of the radionuclide(s) of the element(s) of interest 
must be considered. The length of irradiation, decay and counting time depends on 
the radionuclides to be detected. Figure 5 .1.1 shows the general schematic for the 
production and decay of a radionuclide. Optimum irradiation and counting time for a 
particular nuclide can be shown to be, ti = tc = ＱＮＸｴｾＮ＠ If many elements are of interest 
then varying irradiation schedules may be needed. 
activity 
ti = irradiation time 
tw = waiting time 
saturation tc = counting time 
-----------------------
time 
ti 
Figure 5.1.1: Schematic of irradiation growth curve. 
Within this work, short irradiations were carried out, using the two systems 
described below, thereby creating in the main only short-lived radionuclides. 
Inferring that any radionuclide having a relatively long half-life will not be produced 
in significant quantities of activity to be detected (unless the target nucleus has a 
very large cross-section and/or the element is present in very large amounts in the 
sample). In these biological samples using a short irradiation regime means, for 
example, Fe and Zn were not detected because they have long half-lives e5Fe, ｴｾ＠ = 
2.6 years and 65Zn, ｴｾ＠ = 245 days) whereas elements such as Se and Cl producing 
short-lived isotopes (77mSe, ｴｾ＠ = 17.5 minutes and 38Cl, ｴｾ＠ = 37.2 minutes) were 
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detected. For a range of elemental concentrations to be determined other analytical 
regimes are planned especially as some fairly major components of blood fractions 
and cells need to be measured [Lav90]. 
Cyclic Activation System (CAS) 
CAS is a system enabling detection of short-lived radionuclides. Each sample is 
introduced into the irradiation tube, pneumatically, (in a well thermalised neutron 
flux of 0.5 x 1012 n cm-2 s-1) one at a time (transfer time ...... 200 ms). Irradiated and 
transferred to the detector to be counted for a pre-set time and the spectra acquired 
by the pulse height analysis system saved. The sample is then automatically returned 
into the system to begin re-irradiation. A cumulative detector response is enhanced 
by cycling the sample between the source and the detector several times, the residual 
activity from the prior irradiation is summed to the newly produced activity from the 
next irradiation as shown in Figure 5.1.2. 
1st cycle 2nd cycle 3rd cycle 
saturation 
activity 
t, tc 
fw; 
t; tc 
twt; 
t; fc 
tw \. t\U fw fw; y 
T 
Figure 5.1.2: Schematic of production of radionuclide during CAS. 
T = t i + t w + t c + t wi (ti=irradiation time, tw=time between end of irradiation and start of 
count, tc=counting time, twi=time between end of counting and start of irradiation). 
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detector response for first period: 
detector response for the second counting period: 
where: 
therefore for the nth counting period: 
cumulative response for all cycles [Spy81]: 
ll 
DC= L:Di =Dl +D2 + ...... DII 
i=l 
D = D [ n - e-AT (t- e -nAT)] 
c t l-e-AT (t-e-ATY 
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(5.1.10) 
(5.1.11) 
(5.1.12) 
(5.1.13) 
(5.1.14) 
(5.1.15) 
(5.1.16) 
(5.1.17) 
One major advantage of the cyclic method and by far the most important in all 
detection systems is discrimination against background build-up from longer-lived 
radionuclides underlying the signal of interest therefore, providing a better signal to 
noise ratio. The increased system speed can lessen costs and decrease the results 
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response time. However, transfer of samples into clean containers before counting to 
reduce background is not possible and so irradiation results of a blank container must 
be taken into account. 
It should be noted that CAS was malfunctioning at this time and could not be 
operated in the cyclic mode (irradiate - transfer - count - transfer - re-irradiate, 
repeating the cycle for n cycles) in any reliable fashion. (At the time of writing the 
system is still being discussed for a complete overhaul and improvement). It could 
however be used in a pseudo-cyclic mode (one-shot), where the sample is re-
irradiated and counted after a long period when longer-lived background activity has 
decayed significantly and then repeated if necessary to improve detection limits. See 
Figure 5.1.3. However, this is very time consuming. 
activity 
saturation 
Long break to 
allow decay 
ti =irradiation time 
tw = waiting time 
tc = counting time 
Virtually no 
residual activity 
from previous cycle 
Figure 5.1.3: Schematic of pseudo cyclic irradiation. 
cumulative response for all pseudo cycles: 
II 
DC= LD; =Dl +D2 + ...... DII 
i·4 
(5.1.18) 
As the sample has a significant period of time to decay before being re-irradiated, the 
residual activity from the previous cycle is virtually negligible, shown as: 
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(5.1.19) 
therefore as D1 e -J.T = 0 : 
(5.1.20) 
becomes: 
11 
De= LDi =D1 +D1 +D1 +D1 =nD1 (5.1.21) 
i=l 
By comparing the detector response of the isotope of interest of both cyclic 
activation and pseudo cyclic, it can be recognised that below a certain experimental 
time pseudo cyclic is favoured and that increasing tw decreases the detector response. 
In-Core Irradiation System (!CIS) 
This system has a maximum thermal neutron flux of 2.4 x 1012 n cm-2 s-1• The 
system gives less than a 1 % variation in flux from minute to minute and the 
integrated flux (10 minutes) is reproducible week to week, month to month. If 
precise flux is important, calibration foils are used to measure the flux in-situ. 
It pneumatically delivers the srunples for irradiation into the reactor at a preset time 
·and then ejects them from the irradiation position for counting via a long transfer 
tube (70 m) from the reactor hall to the radiation laboratory (12 s). This allows the 
samples to be transferred into clean non-irradiated containers before counting and 
therefore avoid any contribution from the irradiated container. The process between 
end of irradiation and start of counting can be as short as 60 s. 
5.1.5 Background 
The trace elements of interest in a spectrum from INAA analysis are displayed as 
distinct full energy photopeaks superimposed on a background continuum. There are 
three contributions to the background of a full energy photopeak i) environmental 
background (which is low in a well shielded detector), ii) Compton scattered and 
multiple scattered photons from higher energy peaks in the y-ray spectrum 
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interacting within the sample, container, shielding material and the detector itself; 
the lower the energy of the photopeak of interest the more difficult to detect it 
because the background continuum is highest at lower energy and iii) irradiated 
container contribution if not measured prior to counting. 
5.1.6 Detection 
The gamma-ray spectra from irradiated samples are complex and contain many 
gamma-ray lines, which may be only a few ke V apart. A high-resolution 
semiconductor germanium detector is used. The characteristics important when 
considering a detector are resolution and efficiency, also peak shape, peak to 
Compton ratio and crystal dimensions. A lithium-drifted germanium detector, Ge(Li) 
is used for detection of the y-ray lines and cooled with liquid nitrogen to maintain the 
depletion layer reducing thermal charge carrying and therefore electronic noise. The 
energy resolution quoted for the Ge(Li) detector used in the ICIS system is 2.5 keV, 
FWHM at 1332 keV for 6°Co. Prior to analysis, calibration lines of the detecting 
systetns were obtained to check linearity using the reference point sources of 241Am, 
133Ba and 6°Co. 
It has been shown that a computer program that fits a Gaussian distribution to the 
full energy photopeak and a polynomial fit to the underlying background gives most 
consistent results [Kno79]. 
An important advantage of INAA is that most sample matrices are composed of H, 
C, 0 and N, therefore appearing transparent because these nuclei produce only very 
small quantities of radioactivity e80(n, y) 190, tY2 = 29 seconds) making the method 
highly sensitive for measuring trace elements. It must be noted however, that 
biological matrices also contain the elements Na and Cl that have good capture 
cross-sections and produce 24Na (tY2 = 15 hours) and 38Cl(tY2 = 37.27 minutes) which 
have high-energy gamma-rays, sometimes in significant quantities providing a high 
underlying background. 
If required to measure long-lived radionuclides, long irradiation is required. 
However some relatively shorter-lived radionuclides can conceal the peaks of 
interest. By allowing a decay period to occur, the shorter-lived radionuclides will 
have decayed sufficiently providing detection of the long-lived radionuclides and 
hence improve detection limits. 
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5.1.7 Software and Data Acquisition- Gamma Vision® 
Gamma Vision-32® Gamma-Ray Spectrum Analysis, Software version 5.1 by 
EG&G ORTEC [GamOO] was the software used for analysing the peaks of interest. 
To carry out efficiency calibration Gamma Vision uses two energy regions for 
separate fitting above and below the knee region, a linear fit is used below the knee 
(where there is at least two points) and above the knee a quadratic fit (which requires 
a minimum of three points). Spectrum peaks and count rate are calculated in the 
same manner as in the analysis program (described below). The peaks were 
examined and peaks with a large FWHM (as they will have a large error) were 
eliminated from the efficiency curve. 
To minimise distortion of the full energy photopeak dead time was kept to well 
below 10 % where possible. 
Detector 
response 
Channel number h 
Figure 5.1.4: Peak calculation details. T = S+B (T = total counts). 
Figure 5.1.4 shows a peak placed over a background continuum. The signal (S) of 
the full energy photopeak area counts is found by subtracting the background (B) 
from the total number of counts under the photopeak (T). Within Gamma-Vision™ 
software the peak search is performed locating the peak in the spectrmn and fitting 
data for identification of the radionuclide. Initially the background (B) is determined 
using the following equation: 
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l 
h 
C; 
background 
ROI low limit 
ROI high limit 
the contents of channel i 
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(5.1.22) 
6 the number of data channels used (three at each end) 
the gross area (sum of all channels within ROI), shown by: 
h 
r ="'c. g L..J l (5.1.23) 
i=/ 
adjusted gross area (sum of all channels within ROI but not used in background), 
shown by: 
h-3 
Tag= Lei (5.1.24) 
i=/+3 
therefore the net area, signal, S (adjusted gross area minus the adjusted calculated 
background) is given by: 
S = T __ B....:..,_( h_-_l -_5.....;_) 
ag (h -[ + 1) (5.1.25) 
and the net area uncertainty is given by: 
(5.1.26) 
However small peaks are sometimes difficult to distinguish from the background and 
a criterion (the detection limit) is set for a full energy photopeak (S) to be considered 
a peak and not a statistical fluctuation of the background (B), is identified as: 
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(5.1.27) 
where f is a factor multiplying the standard deviation of the background counts. 
When f = 1, 2, 3 - the confidence levels are 68.30 %, 95.45 % and 99.73 %. 
The relative error (precision) on full energy photopeaks is calculated as follows: 
T=S+B 
S=T-B±.JT+B 
S = T - B ± .J S + 2B 
therefore relative error (precision): 
.Js +2B 
e, =--s--
(5.1.28) 
Sensitivity varies dramatically from one element to the next with some elements 
detectable down to parts per billion levels; whereas others yield either extremely 
short-lived nuclides (< few ms), very long-lived ones with small capture cross-
sections or emit no y-rays in their decay. The detection limit is the minimum level at 
which a y-ray intensity of interest can be detected above the background, when the 
signal is at the detection limit, i.e. S = f JB 
ｾｊｊｂ＠ +2B 
e,. = JJB 
but f JB is of second order compared to 2B and therefore: 
J2BJ2 
e =--=-
,. tJB f 
(5.1.30) 
(5.1.31) 
so whenf= 2 (2 standard deviations of the background), the relative error is: 
J2 J2 . ｾＭ ｾＭ = 0.707 = 1.e. about 70% [Spy74] f 2 (5.1.32) 
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5.1.8 Qualitative and Quantitative Analysis 
Characteristic y-rays are emitted and detected giving qualitative information by 
identifying radionuclides through the gamma-ray energies in the spectrum. While the 
area under the full energy photopeak of interest allows by calculation quantitative 
values. The background continuum in the spectrum mainly due to scattering can 
make it difficult to identify low energy and low intensity peaks in addition one must 
take into consideration any interference from other radionuclides present in the 
sample. The multielemental character of biological materials can make the spectrum 
complex and manual analysis very time consuming. Computer software well tested 
for quality assurance is therefore used, see section 5 .1. 7. 
For INAA, the activation equation in section 5.1.3 and for PIXE analysis, the PIXE 
equation in 5.2.5 allows quantitative analysis using the "absolute method" by 
knowing or determining by measurement all the factors and parameters involved in 
either equation. These can either be found in the literature e.g. the activation cross-
section, half-life of nuclide of interest or by experimental determination of the 
neutron flux, the absolute efficiency of the detector, irradiation and counting times. 
With a well characterised systetn the "absolute method" can be an advantage, as no 
standards are used. However a large volume of information and measurements is 
required to characterise the iiTadiation and counting facilities and there can be 
significant errors associated with these and also with some of the nuclear data found 
in the literature. 
A more practical method known as the "comparative method" can be used to 
calculate elemental concentration and it is this method that has been employed for 
elemental quantification of blood fractions in this research. The exception being 
Chapter 7, where validation of the PIXE analysis system using reference materials 
requires absolute quantification of elements. Standards are employed for the 
analyses, which are either internal standards or certified reference materials and 
sometimes both, see 6.6. The advantages of this method for determination of 
elemental concentration are that the number of known parameters required is 
considerably less. Most of the parameters mentioned in the "absolute method" are 
not required if both sample and standard are irradiated and counted under identical 
conditions and can therefore reduce the number of errors. It is important to obtain 
certified standards that are of similar matrix with comparable elemental 
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concentrations. However, within the area of blood and blood fractions, there are no 
reference materials with similar matrices except IAEA Animal Blood, which has 
very few certified elements for whole blood. The choice of certified reference 
material is made with respect to elemental concentration; ideally the reference 
material(s) should have all elements present that are anticipated to be in the sample 
along with similar concentrations. 
In the "comparative method" treating an unknown sample to exactly the same 
irradiation and counting conditions (source-detector distance, t;, tw, tc, identical flux 
and detector counting geometry) as a certified reference material where all the 
element concentrations are known allows the concentration of the element produced 
in the sample to be calculated, given by: 
Cstd Dstd 
where: 
Dstd 
Cstd 
(5.1.33) 
detected number of counts in full energy photopeak 
area of they-ray of interest in the sample (counts) 
detected number of counts in the full energy photopeak 
area of they-ray of interest in the standard (counts) 
concentration of element of interest in the sample 
(mass of element per mass of sample) 
concentration of element in the standard (mass of 
element per mass of standard) 
Therefore the concentration Cx can be calculated from the number of counts detected 
in the standard, the number of counts detected in the sample and the concentration of 
the element of the standard, which is known. This method is more extensively used; 
as it is straightforward and generally results produced have smaller associated errors 
compared to the "absolute method", which can be in some cases as high as 20%- 30 
%. It eliminates the need of knowing the precise flux, nuclear data and the 
calibration parameters of the detector, provided all the radionuclides identified in the 
sample are also found in the reference material. If this is not the case "single 
element" standards may be required to complete the analysis. It is of course more 
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expensive in experimental time (two irradiations for sample and standard) and 
preparation time for sample and standards and needs to be repeated if the 
experimental condition, (irradiation and counting) change. 
5.1.9 Interference 
Thermal neutron activation is not used for the determination of phosphorous or 
silicon. The (n,y) reaction of the only stable isotope of P leads to the production of 
32P, which is a pure ｾ＠ emitter and for Si the three stable isotopes either create other 
stable isotopes or again a ｰｵｲ･ｾ＠ emitter. As well as radiative capture using thermal 
neutrons other absorption reactions occur with fast or epithermal neutrons, which 
emit a nucleon or combination of nucleons. 
In a mixed neutron field these reactions cause difficulties or interferences in, for 
example, the determination of AI through the (n,y) reaction. 
27 Al (n, y) 28Al 28Si (n, P) zs Al 
As P is often present in large quantities in blood fractions, the phosphorous reaction 
above can contribute significantly to the 28 AI peale However, reactions two and three 
are "threshold" reactions with small cross-sections and are produced by epithermal 
neutrons therefore a well-thermalised neutron flux will reduce these interferences. 
Normally biological materials do not present considerable difficulties, as they are 
generally poor neutron absorbers [Ver94]. 
Another type of interference occurs when two radionuclides emit y-ray lines of the 
same energy. A high-resolution y-ray detector must be used and careful thought must 
be given to irradiation conditions. To confirm correct identification of the element 
other photopeak energies (if they exist) for that radionuclide should be found 
elsewhere in the spectrum. The contribution of one element to another element with 
similar energy if the two photopeaks cannot be resolved, can be estimated as follows: 
(5.1.34) 
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peak area counts of radionuclide A at another 
characteristic y-ray energy 
&1 It efficiency and intensity of radionuclide A at the y-ray 
energy of interest 
&2 h efficiency and intensity ofradionuclide A at the other 
characteristic y-ray energy 
calculated contribution of radionuclide A, which can 
be subtracted from radionuclide B 
With long irradiation there is the possibility of inducing high activity short-lived 
nuclides. These can interfere with the spectrum if acquired soon after irradiation so it 
is of benefit tore-measure the samples after several half-lives when the shorter-lived 
nuclides have decayed sufficiently to allow determination of the longer-lived 
photopeak energies of interest. 
5.1.10 Sample Type 
Generally most samples are analysed using 100-200 mg of powdered material to 
represent a homogeneous sample but e.g. for the platinum group of elements which 
require pre-concentration using much larger sample weights, this small sample size 
is definitely an advantage. Contamination risk with INAA is very small, as each 
sample is doubly contained in a polyethylene capsule and there is little need to 
decompose the sample before irradiation. The lack of interference from major 
elements (C, H, 0 and N), means it is not necessary to do any sample preparation 
other than size reduction, usually the making of pellets, so as to maintain the same 
irradiation and counting geometries and (in some cases) drying, make the technique 
essentially non-destructive [Ver94]. These pellets are doubly contained when 
irradiated by the neutron flux. 
The leukocyte fractions were an exception to the usual sample type, due to their 
small quantity they were pipetted directly onto polyethylene containers and allowed 
to air dry. It must be remembered that lack of contamination is only relative. 
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5.2 Proton Induced X-Ray Emission (PIXE) Analysis 
This technique requires small sample mass, making it ideal for biological material. 
Sven Johansson et al. at the Lund Institute of Technology in the 1970's were the first 
to employ an ion beam for x-ray emission analysis, studying elements deposited on 
carbon foils using a 1.5 MeV proton beam from a Van de Graff generator [Joh70]. It 
is based upon the excitation of the innermost electrons of the atom by energetic 
protons, see Figure 5.2.2. These protons of energy, 2-3 MeV penetrate the outer 
electron orbital of the target atom and knock out the K or L shell electrons. The x-
rays emitted are characteristic x-rays, unique to the sample, allowing by counting, 
quantitative analysis as well as qualitative [Joh88]. These protons are created, 
accelerated and directed to the target by a proton source, usually an accelerator and 
beam handling system. The x-ray region most appropriate to PIXE analysis is 1-40 
keV so all elements above Z = 11, (Na), can be detected. However, the detection 
limit is sensitive to the atomic number with maximum sensitivity in the regions 20 < 
Z < 35 and 75 < Z < 85. 
5.2.1 Proton Source 
A new 2 MV Tandetron accelerator, see Figure 5 .2.1, was commissioned in Spring 
2002 to make use of ion beam analysis techniques such as Rutherford Backscattering 
Spectrometry (RBS), Elastic Backscattering Spectrometry (EBS) and Proton Induced 
x-ray Emission (PIXE) analysis. It was purchased under an EPSRC research grant 
(900K), Mar 2000, "the enhancement of UK ion beam facilities for key strategic 
materials" B. Sealey, M. Breeze, A. C. Clough, C. Jeynes, N. M. Spyrou and R. 
Webb. 
The machine is able to supply a number of energetic ions H+, He3+, He4+ and He4++ 
[Sim04]. Currently the set-up has three beam lines, a millibeam line, a microbeam 
line and a newly operational external line. The microbeam line was used for analysis 
in this research. The accelerator provides a very stable beam with the current varying 
by less than 1 % over a time period of 5 minutes and with a less than 5 % drift over a 
days working [Sim04]. 
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A ion source 
B Einzellenses 
C injection magnet 
D tandem accelerator 
E switching magnet 
Microbeam line 
D F object slits 
G collimator slits (divergence limiting aperture) 
H scanning unit 
I quadrupole triplet magnets 
J sample chamber 
K data acquisition system 
ｾｋ＠
Figure 5.2.1: Schematic of the 2MV Tandetron accelerator installed at the University of Surrey, UK (not to scale). 
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A negatively charged H berun is taken directly from one of the RF duoplasmatron 
sources. The source is filled with hydrogen and a negative voltage is applied (-20 
kV) which will lead to negative ions leaving the source. The negative ions are then 
focused and guided by the Einzellenses to an injection magnet that assures the ions 
are of uniform energy. The injection magnet has a radius of curvature; only ions with 
a distinct energy controlled by the radius of curvature can pass through the analysis 
slits. The tandem accelerator then accelerates these ions to their required energy (in 
this case energies range from 2-3 MeV) in two stages by the use of stripping gas 
(nitrogen). The ions travelling through the gas will lose electrons and become 
positively charged. The stripping gas may cause some ions to lose more electrons 
than others due to a stochastic process and a switching magnet is used to gather the 
required ion and energy from the beam [Sch02]. 
The beam, of size "'1 em, hits the object slits, which consist of two horizontal and two 
vertical slits and can be manually operated, which cut the beam into a typically 100 x 
100 J..tm2 size. As the beam moves further down the beamline it diverges. To control 
this, collimator slits (divergence limiting aperture) are used. To finally obtain the 
microbeam, a triplet quadrupole focusing system [Gri91] obtained from Oxford 
Microbeams Ltd is used. A high demagnification factor is required to obtain a small 
beam size therefore; a long object distance with respect to image distance is 
necessary. The demagnification is determined by the ratio between the object 
distance (distance between the object slits and the quadrupole) and the image 
distance (distance between the quadrupole and sample). 
A beam stable in energy and position is vital for ion beam work; good precision is 
necessary so the Tandetron is fitted with anti-ripple appliances [Sim04]. 
5.2.2 Target Chamber 
The octagonal target chamber from Oxford Microbeams Ltd has a small image 
distance of 16 em and an object distance of 630 em therefore producing a high 
demagnification of Dx = 7 4 in the horizontal plane and and Dy = 22 in the vertical 
one [Sim04]. This, however, restricts the size of the chamber. For position and 
orientation of the sample, the chamber is currently equipped with a sample stage 
having XYZ movement with a 2 J..tm movement precision this is to be replaced at the 
end of the year with a stage having improved precision. The chrunber is under a 
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vacuum of ...... 10-6 mbar [Sim04] to minimise the number of scattered protons by air 
molecules. Various detectors e.g. Si(Li) and surface barrier detectors are available in 
the chamber to collect the scattered particles from a beam that is scanned over the 
sample's surface by a scanning unit. 
5.2.3 Principles of PIXE Analysis 
Quantum theory states that orbiting electrons of an atom must occupy discrete 
energy levels in order to be stable. When protons of sufficient energy, a few MeV, 
bombard an atom, collisions occur. The usual collision is with electrons in the target 
atom and the electrons most likely to interact are the ones most evident to the proton 
(concept of cross-section, barns 1 o-24 cm2). Due to the large Coulombic barrier 
between the nucleus and the proton, the nucleus of the target atom is not usually 
involved; therefore PIXE is atomic analysis, not nuclear. (If the nucleus is involved 
then it is known as Proton Induced Gamma-ray Emission (PIGE) analysis). PIXE 
atomic collision causes inner shell ionisation of atoms and leads to vacancies in the 
K or L shell. To compensate for this inner shell vacancy de-excitation occurs (10-16 
s) and an outer shell electron drops down to fill this vacancy accompanied by 
emission of a characteristic x-ray, see Figure 5.2.2. 
ｾｪ･｣ｴ･､＠ electron ｾ＠
L shells 
Outer electron_..... ｾｨ･ｬｬ＠
•···••• ....... 
Characteristic x-ray 
Figure 5.2.2: Proton Induced x-ray Emission (PIXE) analysis. 
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The x-ray spectrum recorded, see Figure 5.2.3 consists of discrete peaks on a 
background continuum and the energy of this x-ray, hence the element, is equal to 
the difference between the initial and final energy states and its intensity i.e. number 
ofx-rays is proportional to the element concentration within the sample. 
Bowens Kale 
Map: 1000 x 1000 J..Lm 
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Energy (ke V) 
Figure 5.2.3: Proton Induced x-ray Emission (PIXE) analysis spectrum of reference material 
Bowen's Kale obtained using the 2 MV accelerator at University of Surrey, UK. 
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Figure 5.2.4: Electron transitions from K and L series. 
According to the Bohr theory electrons orbit in shells of decreasing binding energy 
characterised by the principle quantum number 1, 2, 3, etc otherwise known asK, L, 
M, etc. An x-ray produced as a result of a K-shell vacancy is known as a K x-ray; a 
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vacancy in the L shell produces an L x-ray, see Figure 5.2.4. If the electron transition 
for a K x-ray results from the L orbital it is identified as the Ka line, if the electron 
comes from the M orbital then it is a Kp line etc. 
5.2.4 Fluorescence Yield 
The atom with an electron vacancy is highly unstable; it exists in an excited state 
before decaying to the ground state with the emission of an x-ray, with a competing 
reaction of Auger electron emission or via Coster-Kronig transitions. An Auger 
electron is emitted whose energy is equal to the difference between the two energy 
states minus the binding energy of the Auger electron. Coster-Kronig transitions are 
radiationless electron redistributions that occur between the sub-shells of the same 
principal quantum number, K -shell being excluded, as there are no sub-shells. 
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Figure 5.2.5: Schematic variation of fluorescence yields of the K and L spectral lines with 
atomic number (Z) of the emitting element. The low yields in the low-Z range for each spectral 
series is a major factor in limiting the sensitivity of x-ray spectrometry in the analysis of light 
elements. 
The ratio of x-ray fluorescence emission and Auger emission reactions is called the 
"fluorescence yield". At very low atomic number Auger emission dominates due to 
small electron binding energies but x-ray emission soon becomes the prefen·ed 
method of decay as the Z number increases. It is only a few percent for sodium and 
magnesium, ....,50% for zinc and 100% for uranium. 
The fluorescence yield (ro) can be expressed as a ratio of the x-ray production cross-
section (ox) to the ionisation cross-section (a;). Ionisation cross-section is the 
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probability that a vacancy is left following an inner shell ionisation. With this ratio in 
mind a semi-empirical formula has been stated [Joh88] for the fluorescence yield: 
where: z' 
= 
(5.2.1) 
ato1nic number 
K-shell fluorescence yield 
coefficients calculated by fitting the formula to 
experimental data, see Table 5.2.1 [Bam72] 
Table 5.2.1: Coefficients for the determination ofK and L shell fluorescence [Bam72]. 
K L 
Bo 3.70 ± 0.52 X 10"2 0.17765 
Bl 3.112 ± 0.044 X 10"2 2.95937 X 10"3 
Bz 5.44 ± 0.11 X 10-S 8.91297 X 10"5 
B3 -1.25 ± o.o7 x 10·6 -2.67184 X 10"4 
Due to the potential for Coster-Kronig transitions to occur in the L-shell, the 
fluorescence yield for the L-shell ( mL) becomes such: 
OJL = 
where: 
X(Ll) + X(L2) + X(L3) 
ni + n2 + n3 
X(Ll) 
n 
yield ofL x-rays from the L sub-shell Ll etc 
initial vacancy distribution the L sub-shell 
5.2.5 PIXE Equation 
(5.2.2) 
A number of parameters are used in determining the "absolute method" such as the 
number ofx-rays, the cross-section, attenuation coefficient and detector efficiency. It 
is assumed that here the incident protons are stopped within the target i.e. "thick" 
sample and that secondary ionisation is negligible [Ars91]. The number ofx-rays of 
element detected is given by: 
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y = CNAvQO.c(E) Ja (E)F(E) dE 
Ae4n- E x S(E) 
p 
(5.2.3) 
where: y number ofx-rays of element detected 
c concentration (ppm) 
NAv Avogadro's number, 6.0221 x 1023 molecules 
Q total incident proton charge on the sample (C) 
n solid angle subtended by detector to beam spot (sr) 
e(E) intrinsic efficiency of the detector at x-ray energy 
A atomic mass 
e charge on single proton 
ax(E) x-ray production cross-section 
F(E) x-ray attenuation in the sample matrix 
S(E) mass stopping power of the sample matrix 
X-ray Production Cross-Section 
The ionisation cross-section is the probability that an inner electron shell will be 
excited and removed leaving a vacancy. 
where: 
ro 
k 
production cross-section (barns, 1 o-28 m2) 
ionisation cross-section (barns, 1 o-28 m2) 
fluorescence yield 
(5.2.4) 
relative line intensity of possible transitions to fill 
inner shell vacancy 
The ionisation cross-section varies considerably from energy level to energy level, 
from element to element and depends on the proton velocity, see Figure 5.2.6. 
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Na Al P Cl K Ti Cr Fe Ni Zn Ge Se Rb Zr Mo Ru Pd Cd Sn 
Element 
D 3.0 MeV I 2.0 MeV I 1.0 MeV I 0.5 MeV 
Figure 5.2.6: K-shell ionisation cross-section for various proton energies. 
An increase in proton energy (MeV) gives a higher cross-section, however this 
improvement is soon lost and further energy proves of no benefit once the projectile 
energy matches the orbital velocity of the electron to be ejected. Due to the 
Coulombic effect the cross-section falls rapidly as the Z number rises. At low Z 
numbers the K -shell dominates and as the atomic number increases the L-shell 
dominates. 
X-ray Attenuation 
The matrix of the sample attenuates x-rays, as a proton travels through a sample both 
the proton's cross-section and energy decreases. X-ray emission therefore is more 
abundant at the surface of the sample material. 
F(E) = exp - J.i a --[ 
cos(} Ef dE ] 
Bp Ep S(E) 
(5.2.5) 
where: F(E) x-ray attenuation in the sample matrix 
· incident angle of proton beam (normal to the sample) 
and take off angle of x-ray (normal to the target) 
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incident proton energy 
mass stopping power of the sample matrix 
x-ray mass attenuation coefficient of the sample matrix 
5.2.6 Sample Thickness and Proton Stopping Power 
PIXE analysis is highly dependant on sample thickness (and composition); in general 
samples are defined as thick, intermediate or thin samples. X -ray attenuation and 
proton stopping power will vary according to sample thickness. Proton stopping 
powers are routinely taken from data tables [Zie85] [And77], with Zeigler et al. 
carrying out a large number of the calculations and the values used in this research. 
Thick samples, e.g. all erythrocyte analyses in this research, are several times the 
thickness of the proton range thereby completely stopping the proton beam. The 
range of a 3 MeV proton beam in erythrocyte samples is ,...,60 J.Lm. Some of the 
leukocytes samples maybe defined as thick samples with a similar proton range. 
However, the majority of leukocytes were "thin" samples where the proton beam 
passes through the sample, it loses negligible energy in the sample and the x-rays 
emitted have negligible attenuation. This results in reduced Bremsstrahlung, with no 
correction necessary for attenuation and stopping power. 
When a beam of protons travels through a medium, inelastic interactions occur with 
the electrons in the material causing a loss of energy. The mass stopping power S(E) 
illustrates the energy loss of the proton per unit mass thickness of the sample matrix. 
S(E) = _!_ 8E 
pox 
where: 8E 
ox 
p 
(5.2.6) 
energy lost per unit distance travelled in the sample 
density of sample 
It is important to note that such a small quantity of sample may itself cause problems 
such as insufficient elemental mass resulting in poor x-ray detection, long irradiation 
time, contribution to x-ray detection from sample backing material and as these 
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samples are very small in volume they become fragile/delicate specimens, especially 
under vacuum during analysis. 
5.2.7 Sample Charging and Heating 
The energy of the beam hitting the sample is partially transformed into heat. This can 
be problematic for organic matter as the beam can potentially damage the material. 
To overcome this, the target chatnber can be fitted with a stage cooled by nitrogen 
although it was not necessary in this research as the beam diameter ranged between 
5-l 0 J..Lm and a beam current ranging between ...... 200-800 pA with raster scam1ing 
across each sample would cause minimal sample damage. 
With "thick" insulating samples there is no route for beam current leakage; therefore 
the area becomes exposed to a high positive voltage. Subsequently electrons are 
attracted to this region and contribute significantly to the background 
Bremmstrahlung radiation. To reduce this charging a low atomic number, conducting 
eletnent is used to create a conductive pathway from each sample to the backing 
material. For insulating samples, e.g. erythrocytes, colloidal graphite was painted 
down the side of each sample ensuring no material contatninated the surface of the 
satnple. It also aids in taking heat away from the sample. 
5.2.8 Background 
The trace elements of interest in a spectrum from PIXE analysis are also displayed as 
distinct full energy photopeaks superimposed on a background continuum. There are 
several contributors to this background [Kha81]: minor contributions due to 
shielding come from Compton scattered radiation frotn nuclear y-ray reactions 
contributing to a low energy continuum, charge build-up and environmental sources. 
The major causes are primary and secondary Bremsstrahlung radiation; calculated 
background spectra from Bremsstrahlung are available [Fol74]. The lower the 
background radiation, the lower the signal-to-noise ratio and hence improved 
detection limit. 
Primary Bremsstrahlung dominates at the high-energy end of the spectrum, while 
secondary dominates at the lower end. The incident proton beam is decelerated when 
entering the sample material by the Coulomb field of the nuclei in the sample 
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resulting in emission of primary Bremsstrahlung. These protons range in energy 
from zero to maximum energy. The cross-section for this process is shown by 
[Joh88]: 
where: 
(5.2.7) 
atomic weight of incident proton, matrix atom 
atomic number of incident proton, matrix atom 
energy of incident proton, etnitted proton 
varying factor (dependant on Zp, Zm and Ep) 
Secondary Bremsstrahlung originates from secondary electron emission where the 
unbound ionised electrons are decelerated by the sample matrix. Maximum energy 
(T,nax) transferred from an incident proton to an electron is given by: 
4Mm 
Tmax = { )2 E 
m+M 
where: M 
m 
E 
mass of incident proton 
mass of electron 
beam energy 
(5.2.8) 
Detecting the beam at an angle greater than 90° (the contribution decreases beyond 
this angle as secondary Bremsstrahlung distribution is anisotropic) can reduce 
background. A reduction in sample thickness and hence stopping power also lessens 
background contribution. 
5.2.9 Detection 
For PIXE spectroscopy a lithium drifted silicon, Si(Li), detector is used. Due to 
silicon's low K-edge energy, escape effects from silicon are minimal whilst x-ray 
detection is improved as high-energy gamma-rays are transparent to silicon due its 
low atomic number (Z = 14). The experimental set up for PIXE analysis was one 80 
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mm2 Si(Li) detector with a 12.0 ｾｭ＠ thick beryllium window, installed at a backward 
angle of 45° (135°). The detector resolution at 5.9 keV is 174.0 eV; the detector 
distance can be varied from 25 mm to 7 5 mm according to calibration and will be 
indicated within each experiment. 
5.2.1 0 Qualitative and Quantitative Analysis 
PIXE and RBS simultaneous spectra are obtained using the acquisition system, 
OM_DAQ [Gri94] [Gri95]. The RBS spectrum provides, by its shape the matrix 
composition (and hence sample mass), while the total area of the spectrum gives the 
total beam charge obtained. This information is then used for defining the sample. In 
PIXE analyses characteristic x-rays are emitted and detected to give qualitative data 
by identifying elements through the x-ray energies in the PIXE spectrum. The area 
under the full energy photopeak of interest allows elemental concentration values to 
be calculated via software, see 5 .2.11. 
Often due to the lack of precise knowledge of critical system parameters such as 
absolute detector efficiency, x-ray filter attenuation and integrated beam current, 
many PIXE systems rely on standards to determine accurate specimen compositions. 
The "comparative method" for PIXE analysis is in principle identical to the method 
used in INAA, see 5.1.8. However, stability of the 2 MV Tandetron accelerator and 
the beam handling system at the University of Surrey along with the data acquisition 
has demonstrated that absolute measuretnents are possible [Sim04]. 
5.2.11 Software and Data Acquisition- OM_DAQ, Dan32, GUPIX 
OM_DAQ 
Data is acquired using the OM_DAQ system [Gri94] [Gri95], the OM 1000 futerface 
unit (ADC) data analyser from Oxford Microbeam Ltd. The system runs under 
Windows and allows the collection and display of spectra and 2-dimensional 
elemental maps. The data is collected on an event-by-event basis, known as 
listmode, which can be further exploited after analysis. The system records several 
channels of pulsed detector data, voltage levels indicating x, y position of the beam, 
deadtime and charge from a digitiser. It also controls the beam position allowing area 
scans, line scan and point scans. 
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Considerable time has been spent on trying to obtain reliable, absolute quantitative 
PIXE analysis [Joh88]. In broad beam PIXE analysis where the sample material is, 
on the whole homogenised this is not such a problem as the matrix composition can 
be approximated by the bulk composition of the material, determined by other 
methods and the charge can be measured by consideration to secondary electron 
suppression or calibrated to a standard. However, in microPIXE this is especially 
difficult as the matrix composition may vary over the scale of the bean1 diameter 
making bulk composition inaccurate and quantification of beam charge problematic 
as varying areas of the sample may have different secondary electron suppression 
[Gri95]. For accurate analytical microbeam work, Oxford Microbeams Ltd 
developed routinely used PIXE analysis software into a windows interface, Dan32 
[Gri95], with a technique known as the "Q factor" method [Gri96]. 
Dan3 2 - u Q factor" 
Dan32 is a licensed program from Oxford Micro beams Ltd that provides a Windows 
interface to the GUPIX program and simultaneous RBS fitting using the software 
RUMP and Rutherford and non-Rutherford cross-sections. The program is designed 
to facilitate the analyses of PIXE and RBS spectra and to implement the "Q factor" 
normalisation technique. As mentioned the RBS spectrum shape provides the matrix 
composition, while the total area of the spectrum gives the total beam charge. Thus 
providing an internally standardised absolute method, a ratio between the measured 
charge and true charge ("Q factor") used then to normalise the PIXE data. The 
matrix composition and charge defines the sample while elements are determined 
using the GUPIX software PIXE analysis program [Max95], incorporated in Dan32, 
which allows accurate values of the sample yield, corrected by the "Q factor", to be 
calculated. The main condition required to initiate the RBS simulation within Dan32 
is to define each sample i.e. input the sample structure or possible sample structure. 
It is of course beneficial if the initial sample definition is close to the final answer. 
RBS and PIXE files from the same run are opened within Dan32 and run conditions 
e.g. calibration, detector constants, filters etc can be modified along with calibration 
of spectrum and identification of peaks or edge. 
The next stage is to define the sample, layer compositions are entered as chemical 
formulae; element wt % or oxide wt % and layer thickness is entered as microns, 
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!J.grams cm-2 or atoms cm-2• The RBS spectrum is then simulated and scaled to 
equalise the spectrum area within the "normalisation region". The normalisation 
region is equal to the spectrum range visible. The experimental area to fit area ratio 
("Q factor") is shown in the spectrum window, along with the Chi-squared (x2) value 
calculated for the energy scale. 
The initial RBS simulation may be unsatisfactory; if this is the case then it is 
possible to optimise the fit by allowing parameters i.e. sample matrix composition, 
sample or layer thickness or detector FWHM to vary. The matrix composition is then 
calculated by running GUPIX and the sample information i.e. sample thickness, 
composition and charge ("Q factor" value) transferred to the PIXE spectrum. Minor 
and trace elements of interest can be selected for the PIXE spectrum from a periodic 
table and the minor and trace element composition is calculated via GUPIX. GUPIX 
is started as a DOS process in a completely 'hands-off way and the results filed. 
Guelph GUPIX Program 
The software is designed for fitting PIXE spectra and determining elemental 
concentrations, it is continually being developed by the Department of Physics, 
University of Guelph, Canada [Max89] [Max95] [CamOOa] and can now handle 
thick, intermediate and thin samples. IAEA have recently given support to an 
intercomparison of available PIXE software [Bla02]. 
The code determines background, peaks of interest and hence elemental 
concentration. The intensities of characteristic x-rays are determined by fitting a 
model spectrum to the measured spectrum using the non-linear least squares 
technique. The model spectrum is based on a database of K, L and M energies, 
fluorescence and Coster-Kronig probabilities, taking into account the effects of 
detector efficiency, absorber effects and matrix effects. The matrix effects are 
computed with respect to ionisation cross-sections, stopping powers and x-ray mass 
attenuation coefficients. The continuous background is accounted for by applying a 
digital filter to both the model and experimental spectra, see Figure 5.2.7, it is 
designed to attenuate the continuum while allowing higher frequencies i.e. peak 
structures, to pass. This zero weight filter alters the shape of the Gaussian peak by 
doubly differentiating and tends it towards zero thereby otnitting a background from 
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the model, assumptions are made that the continuum varies slowly enough to assume 
it is linear and would be eliminated by the filtering [Max89]. 
The filters overall width UW + 2L W gives: 
t 
Y) = LfsYj+s 
s=- t 
where: j 
t 
Is 
Is 
..... 
LW LW 
channel number 
UW/2+LW 
1/UW in the central lobe 
-1/2 L W in the outer lobes 
/\ 
(5.2.9) 
J L ＭｾＭｾﾷ＠
_ _.-----/ /\ G;ssian +Linear 
. .. ""' l h-.. -
Vf V Filtered Gaussian 
Figure 5.2.7:Top-hat filter and its effect on a spectrum, which comprises of a Gaussian peak 
and a linear background [Max89]. 
For any fit the theoretical spectrum is cotnpared with the digitally filtered data and 
tested via the chi-squared method. 
%2 = L(Y) -M} t OJj 
j 
where: 
(a})= ｌＨｾｊ Ｒ＠ a;, 
m m 
weight at each channel 
variance of (YJ ) 
(5.2.10) 
(5.2.11) 
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If observed errors are attributed to counting statistics only, then: 
(5.2.12) 
The value of chi-squared is minimised with respect to the variables (height of 
principal peak, relationship between x-ray, peak centroid and width etc.) until a 
suitable fit is found. The peak intensities are converted into concentrations or areal 
density depending on whether the sample is thick or thin. 
Calibration files (APODET.DAT; DETLIB.D32, the detector databases; 
STDLIB.D32, the standard database, HVALLIB.D32, the H-value run database and 
SIGMALIB, the RBS cross-section database) for GUPIX can be stored centrally to 
allow standardisation of the GUPIX results. The H-value is an instrumental constant 
that describes the PIXE system; determined experimentally by measuring the yield 
for elements from certified standards [Max89], see 7 .1. 
Dan32 also creates a spreadsheet with the output from GUPIX; saved with the 
following information, see Table 5 .2.2. 
T bl 52 2 S db 'I bl f t a e . • : ;prea s eet parame ers ava1 a e rom D 32 an 
Element Element concentrations from GUPIX (ppm or%). If the concentration is less than 
concentrations 1.5*MDL, then there is the option of displaying"<" MDL; a character string (e.g. 
"nd") or the actual concentration X, "<" and the character string can be defined 
Element MDL The element MDL from GUPIX. (3%ackground, ppm) 
Statistical error The statistical error from GUPIX ( 1 SD) 
Element surface The concentrations from GUPIX when the results are expressed in ng/cm2. The 
density same considerations apply as for element concentrations 
Oxide Element concentrations (ppm or%) from GUPIX expressed as the oxide 
concentrations concentration using the default valence for each element 
Matrix The basic composition of each layer. The thickness (J..Lm or J..Lg cm-2) of each layer is 
composition given together with the fraction of each element (atomic fi.·action or wt%) defined in 
the matrix 
Peak areas The value of the peak 
Peak area MDL The peak area MDL 
Run information A selection of run parameters (e.g. , live Q, run time, detector propelties etc.) 
GUPIX calculations can also be automated enabling a long sequence of files to be 
processed with no user intervention and to create on-line spectrum processing, 
known as script processing. To avoid sample composition drifting away from the 
optimum when reading a large number of samples, it is possible to store a "sensible" 
sample composition in a cache. 
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5.2.12 Sample Type 
For PIXE analysis the samples are fixed directly onto sample plates coated with 
carbon dag and held vertically in the sample chamber perpendicular to the proton 
beam. For optimum PIXE analysis the sample is required to be homogeneous in 
nature with a smooth even sample surface. For erythrocyte analysis it is possible to 
use the same sample preparation procedure for PIXE analysis i.e. pelletising, as for 
INAA. These are then classified as "thick" samples. 
Due to the composition and separation characteristics of leukocytes a different 
method of preparation was developed, see 6.4. The samples are attached to samples 
plates using Mylar film. These samples are classified as "thin" samples with the 
technique essentially being non-destructive. 
5.3 Elastic (Non-Rutherford) Backscattering 
Spectrometry (EBS) 
Elastic ·Backscattering Spectrometry (EBS) or non-Rutherford backscattering is 
another materials analysis method based on collisions between atomic nuclei. It 
derives its name from Lord Ernest Rutherford, who in 1911 was the first to present 
the concept of atoms having nuclei. The number and energy of mono-energetic high-
energy particles (MeV), in our case protons, in a beam that backscatters after 
colliding with atoms at the surface region of a sample at which the beam has been 
targeted is measured. Making it possible to determine atomic mass and elemental 
concentrations versus depth below the surface. EBS is suitable in determining the 
concentration of light elements in a sample i.e. C, N and 0 making it a technique that 
is run simultaneously with PIXE analysis to determine the major composition of a 
sample. 
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5.3.1 Principles of EBS Analysis 
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Figure 5.3.1: Elastic (Non-Rutherford) Backscattering Spectrometry (EBS) spectrum of 
reference material Bowen's Kale obtained using 2 MV tandem accelerator at University of 
Surrey 
EBS differs from PIXE analysis in the kind of detected particle. Instead of 
characteristic x-rays, those incident ions that scatter back elastically from the target 
nuclei due to Coulomb repulsion are detected. Non-Rutherford or Elastic 
Backscattering Spectrometry (EBS) occurs in experiments where Coulomb 
interaction is not dominant and the incident beam exceeds the energy required for 
RBS, this is often for elements with a low atomic number (Z < 14) as is the case for 
this research. Within this work any reference to RBS will also include the process of 
EBS. During this process the protons undergo considerable energy loss either by 
scattering or by stopping and are scattered at a large angle. The information is 
recorded and displayed as a step spectrum where each step represents an element. 
The target nuclei mass determines the channel/energy of the step whereas its height 
is relative to the concentration, see Figure 5.3.1. To determine the molecular formula 
and hence the elemental composition of a material, see Figure 5.3.2 the height of one 
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step corresponding to element A can be expressed as a ratio to another step 
corresponding to element B, using the equation below: 
H Ao-B (Eo )[so ｝ｾ Ｘ＠
-= 
H B ()"A (E 0 )[ & 0 ｝ｾｂ＠
m 
n 
(5.3.1) 
where: min = ratio of atoms of element A to that of B 
ratio of signal heights A to B 
Eo 
[sol:= 
｛ｳ Ｐ ｝ｾ Ｘ＠
Yield 
scattering cross-section 
stopping cross-section factor 
incident proton energy 
unity as a good approximation (=1) 
.u ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＺＭｾＭＭＡ＠
_________________ j _____ ＭｾＺＭＭｲＭＲＭ
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Figure 5.3.2: Schematic of backscattering spectrum and step configuration of material 
containing elements A and B. 
Laws of conservation and momentum ("kinematics") provide the answer in 
determining the elements in the sample. A proton, of tnass M1, loses energy by 
interacting with an unknown element ofM2• 
where: E 
Eo 
K 
energy of scattered proton 
incident proton energy 
kinematic factor (K < 1) 
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The kinematic factor, characterises the target atom; it describes the ratio of the 
backscattered proton energy, at an angle of 180°, to that of the incident proton 
energy and can be calculated as below: 
where: mass of incident proton 
mass of target atom 
(5.3.2) 
The difference between energies of particles backscattered from light elements 
compared to heavy elements is much greater between light elements because the 
amount of momentum transferred fi·om the incident particle to a light target atom is 
considerable. Less momentum is transferred to the target atom as the mass of the 
target atom increases therefore the energy of the backscattered particle approaches 
the energy of the incident particle, making EBS more valuable for distinguishing 
between two light elements than it is for distinguishing between two heavy elements. 
5.3.2 Non-Rutherford Scattering Cross-Section 
The differential cross-section is the probability that an ion (proton) is scattered in a 
direction of solid angle after collision with an element. It is basically proportional to 
the square of the atomic number of the target atom. It is vital to obtain accurate 
cross-section values if elemental concentrations are to be calculated correctly. 
The cross-sections are well known and are very strong functions of scattering angle; 
experimental analysis must be done at the same scattering angle as the cross-section 
measurements. A database [SigOO], used by the ion beam community, containing 
publications of the majority of Rutherford and non-Rutherford cross-sections is 
available and used in this work. 
Backscattering techniques can be used for determination of all elements heavier than 
the incident proton used i.e. 2 < Z < 92. 
Without applying any calibration standards, the area of the various peaks in the 
energy spectrum can be converted to the elemental areal density. 
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5.3.3 Depth Profiling and Stopping Power 
Only a small number of the incident protons undergo collision with a nucleus and are 
backscattered out of the sample. When the proton beam penetrates into the depth of 
the sample, energy is lost due to interactions with electrons (electronic stopping) and 
to collisions with the nuclei of target atoms (nuclear stopping). The ratio of energy 
loss to 2-dimensional atom density for material is known as its stopping cross-
section, the main energy loss is caused by interactions with electrons therefore; the 
electronic structure of the target material has a large affect upon its stopping power. 
This is significant; as a proton that backscatters from an element at the surface of a 
sample will have considerably more energy than a proton that is backscattered from 
the same element deeper within the sample, see Figure 5.3.3. 
( t ) 
Figure 5.3.3: Diagram of scattering at surface and depth within a sample. 
The energy lost by the proton while travelling through the sample depends on its 
velocity, the sample composition and the density of the sample material. This energy 
loss enables RBS measurements and layer thickness to be calculated. This process is 
known as depth profiling. In favourable conditions with a good detection system, 
depth resolutions of 1 run can be obtained. Ions that penetrate deeper into the sample 
(i.e. less energy) are shifted to the left on the spectrum. As theoretical predications of 
stopping power are nearly always complicated and inaccurate, empirical stopping 
powers are often used in RBS calculations [Zie85]. 
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Ks(E0 ) s(KE1 ) 8 = + --'-----"'-'-
cos B;,, cos e out 
(5.3.3) 
where: K kinematic factor 
eill angle of incident proton 
eout angle of outgoing proton 
Eo energy of incident proton 
E 1 energy ofbackscattered proton 
s(E) stopping cross-section as a function of energy 
5.3.4 Detection 
For RBS analysis a surface barrier detector is used. The window of a surface barrier 
detector is thinner than other detectors and energy loss due to absorption by the 
window is approximately ten times less. This type of detector is sensitive to 
resolution degradation generated by pulse processing and light, therefore it is 
important to minimise noise caused by the light used to position the beam by 
ensuring the target chamber is darkened during detection. A 50 mm2 Ortec Ultra 
detector was mounted above the entrance of the beam at e = 150° to the beam 
direction (Cornell geometry) and Q = 16.58 msrad. The distance between detector 
surface and sample (and hence Q) varied according to deadtime and will be indicated 
for each experiment conducted within this research. 
5.3.5 Qualitative and Quantitative Analysis 
Qualitative and quantitative analysis of RBS spectrum for depth profiling does not 
depend on a homogeneous or smooth sample surface. However, when RBS is used in 
conjunction with PIXE analysis where elemental composition of the whole sample is 
required, knowledge of homogeneity and smooth sample surface becomes 
fundamental for accurate analysis. 
As previously described, the RBS spectrum is obtained using the acquisition system, 
OM_DAQ, while the PIXE analysis software, Dan32 [Gri94] [Gri95] incorporating 
the "Q factor" method [Gri96] was used to determine the element concentration of 
the samples. However, this code and "Q factor" method provided erroneous results 
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primarily due to the fact that the software was unable to provide a "fit" to the RBS 
spectrum, see Figure 9.3.2. Depth sensitivity is limited in PIXE data and as 
mentioned insensitive to inhomogeneity and in RBS there is often uncertainty about 
mass as it does not have unequivocal elemental identification, making these two 
techniques complementary [Jey03]. 
In order to circumvent the problem of Dan32 being unable to simulate the RBS 
spectra another software tool previously unused in conjunction with PIXE analysis, 
was evaluated, this became a major part of my research. Ion Beam Analysis (IBA) 
Datafurnace [Bar97] is a complex code; its purpose is to extract depth profiles from 
Rutherford Backscattering Spectroscopy (RBS) data. 
5.3.6 Software and Data Acquisition - "IBA DataFurnace" 
IBA DataFumace is a DOS program extracting elemental depth profiles from 
samples a few nanometres to a few microns thick of RBS, EBS, ERDA, and NRA 
data. It was anticipated that IBA DataFumace would be able to get round this 
problem of correctly fitting an RBS spectrum and thereby identify the major 
elemental composition and thickness of the leukocyte samples. As yet this code does 
not support PIXE analysis but it was anticipated that it would provide the necessary 
data required to continue with elemental concentration determination of the samples 
using Dan32 as the interface to the GUPIX program [Max95]. 
A comparison of the Dan32 and DataFumace software and associated spectra files 
and results for one leukocyte sample is discussed in 9.3. 
NDF ("Nuno's DataFumace", named after Nuno Barradas who wrote the code) 
makes fully automatic fits to experimental data. The algorithm NDF uses the 
Simulated Annealing algorithm hence the name "Furnace". WiNDF ("Windows 
NDF") is a Windows user interface to the NDF code. It also includes comprehensive 
graphical spectral manipulation tools, a spectrum simulator and other utilities. 
"DataFurnace is a tool for analysts to handle large nutnbers of spectra from real 
samples with speed, delicacy and accuracy" [Jey03]. IBA DataFumace code is not a 
simulation program but a fitting program. It solves the "inverse problem" ("given the 
spectrum, what is the profile") automatically, without user intervention. Extracting 
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depth profiles from the energy spectrum of the backscattered particles however, is 
not easy analytically. 
Algorithm- As DataFumace is a fitting program there are no requirements to input 
the layer structure to initiate the elemental depth profile, the user is only required to 
input the accurate analytical conditions and the elements present although it is 
beneficial if chemical assumptions (in terms of molecules) are made. In this 
program, many test depth profiles can be created and a chi-squared calculation 
between the spectrum of the current test profile and the real spectrum made. For one 
fit, thousands of spectra may be simulated. The algorithm has an arbitary starting 
point and can increase or decrease the number, thickness and stoichiometry of the 
profiles at will without user intervention. Therefore it is the users job to set 
conditions and parameters of the data in which DataFurnace looks for solutions. 
Geometry file (*.geo) -Each spectrum has related parameters these are grouped into 
a geometry file. These parameters i.e. solid angle, charge-solid angle product, 
collected charge, beam energy, scattering angle and detector resolution etc are 
crucial to the running of the program. The charge-solid angle product calculates the 
height of the spectrum, while the scattering probability is especially dependant on 
the atomic nmnber. DataFumace will not fmd the correct depth profile if the charge-
solid angle product is not accurate enough. Electronic parameters are also crucial i.e. 
gain (keV/ch) and offset (keV); the energy to channel function computes in the 
calculated spectra where the edges and peaks lie, again if this infotmation is 
incorrect then DataFurnace will not find an accurate depth profile. In the geometry 
file non-Rutherford cross-sections of correct angle and energy must be included. 
NDF will interpret any information it is given, providing a solution, quite often 
completely senseless solutions can be good fits, so care must be taken and accurate 
assumptions must be made. 
Batch file (*.spc) - A batch file consists of selected spectra with an associate 
geometry file, structure files and the charges. 
Structure file (*.str) - To determine the elements in your sample a structure file is 
created. As the average Z of the sample governs the number of counts in the 
spectrum and the stoichiometry highlights the contrast areas of the spectrum, a single 
spectrum and therefore its sample profile can often be quite easy to determine. It is 
possible to "fit" a spectrum without being given any information regarding the 
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sample. Therefore constraints must be put on the parameters. A simple stlucture file 
indicates elements that could be present. It is possible to introduce a minimum and 
maximum sample layer thickness, elements and/or molecules present, density of 
these molecules, depth range and concentration of these molecules and elements. A 
sample can have many spectra related to it, with one associated structure file while 
each spectrum must have one associated. geometry file. 
Simulation -To validate the parameters chosen it is necessary to anneal (simulate) 
the spectrum, the resultant data creates a profile file (* .prf). If the energy calibration 
spectrum or sample spectrum appear visually incorrect or have a Chi-squared value 
> 100, a few options are available: 
i) change the solid angle (geometry file), should in theory remain fixed 
ii) give careful consideration of calibration data inputted (re-calibration) 
iii) change the collected charge (batch file) 
Data fitting - Having validated the calibration spectrum, fitting of the data can 
commence. The simulated annealing is very important, here a Markov chain is 
assembled where subsequent states have an objective function, either to reduce or 
increase the stated parameters, similar to temperature. The objective function for the 
depth profile is created from the difference between the fitted and calculated forward 
model. When the fit is completed spectra of the individual elements can be seen for 
each sample to allow the user to determine how the fit has been created and whether 
this is che1nically feasible or not. It is also possible to view a best structure graph 
that addresses the issue of element depth. If the solution is not satisfactory then the 
user must readdress the information used, i.e. the collected charge, the structure file 
and the geometry file. When running the fit NDF allows fine-tuning of the charge 
and energy calibration, suggestions can be taken from this run, re-adjusting the 
parameters and then re-running depending on the chi-squared value for an improved 
fit. The annealing program can run under cool (slow), normal, hot or very hot (ultra-
fast) conditions, taking from a few minutes to tens of hours depending on the 
accuracy required. Cool or normal annealing is preferred initially to establish if the 
parameters and information provided will give a fit. 
Profile file - This file, see Table 9.3 .2 shows the geometry file and structure file 
used, number of layers in sample, their thickness (thin film units, 1015 atoms cm-2) 
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and the relative amounts of element or molecule present as indicated by the structure 
file. 
Both INAA and PIXE analysis have limitations in their own right, ｾ･･＠ 8.2 and so 
analysis with both techniques is always favourable. With reference to all analytical 
systems, the choice of sample and the possibility of trace element detection must 
warrant serious consideration as to whether the time, effort and cost that will be put 
into the various separations and analyses reaps sufficient and valid data. 
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Chapter 6 Sample Separation a.nd 
Preparation 
The trial separations of these leukocyte subfractions, to i) perfect the separation 
technique, ii) obtain a contamination free separation method allowing accurate 
analysis, see 9.2 and iii) the evaluation of blood collection systems and washing 
media, see 4.3 .3 indicated that four 7 mL samples of whole blood at each timepoint 
would be necessary for analyses from patients undergoing CABG surgery. This 
volume was more than usually agreed by the Cardiothoracic Unit however, as 
consent for blood collection is becoming increasing difficult, approval was received 
by the consultant anaesthetist for a volume that would allow the separation and 
preparation of whole blood, plasma, erythrocytes and leukocytes. 
The separation and preparation of these samples are described below. Whole blood 
was taken from the central line via the patient's cannula into previously evaluated 
BD Vacutainers™ [Adm04], for further discussion see 4.3.3. All blood samples were 
stored in a fridge at +4 °C at the Cardiothoracic Unit, St. George's Hospital and then 
transferred to the Chemical Pathology Department at St. George's Hospital for 
separation and preparation. The first 20 mL of blood extracted at each timepoint was 
not used for analysis due to possible contamination from needle, syringe etc. 
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As it was crucial that the leukocyte separation of whole blood occurred within 2 
hours of each timepoint collection to obtain optimum separation, it was imperative to 
be available 24 hours a day and present at St George's Hospital when each patient 
sample was collected. 
6.1 Whole Blood Preparation 
The first 7 mL sample was transferred into a pre-cleaned, labelled polyethylene 
container where it was frozen at -20 oc for a minimum of 12 hours before being 
freeze-dried at a temperature less than -45 oc for a minitnum of 24 hours [Cor96]. 
Once the sample had been freeze-dried and hence lyophilised, it was placed in a 
desiccator awaiting preparation. For preparation the sample was homogenised using 
a polyethylene spatula and pressed into 5 mm diameter pellets of average weight 100 
mg to ensure a representative sample, allowing optimum detection of elements by 
the analytical technique used. 
For INAA the pellets were placed into a uniquely labelled, pre-weighed and pre-
cleaned polyethylene container, 1 em 0 and retmned to the desiccator ready for 
analysis. For PIXE analysis, each pellet was directly fixed onto an Al sample plate 
using carbon tape, see Figure 6.2.1 and coated down the side using carbon dag. Care 
was taken not to contaminate the pellets in anyway and so each AI plate was placed 
inside a cleaned plastic container and then placed back into a desiccator to prevent 
contamination from other samples prepared. 
6.2 Plasma and Erythrocyte Preparation 
The second 7 mL sample was centrifuged for 10 minutes at RCF (Relative 
Centrifugal Force) 1250 xg, (3000 rpm) to separate the whole blood into plasma and 
erythrocytes, see notes at the end of 6.3 for RCF. The plasma and erythrocytes were 
drawn off and pipetted into separate pre-cleaned, polyethylene containers. The two 
fractions were then treated identically to whole blood, frozen at -20 oc for a 
minimum of 12 hours before being freeze-dried at a temperature less than -45 oc for 
at least 24 hours. They were homogenised, placed in a desiccator, then made into 5 
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mm diameter pellets of average weight 100 mg and encapsulated ready for INAA 
analysis or fixed onto sample plates for PIXE analysis, as before. 
5 mm diameter erythrocyte pellets 
Aluminium sample plate 
Figure 6.2.1: 5 mm diameter erythrocyte pellets fixed using carbon tape onto an aluminium 
sample plate, used in PIXE analysis. 
6.3 Leukocyte Separation 
The remaining two 7 mL samples were used for leukocyte analysis. Leukocyte 
separation proved to be a difficult and sensitive technique to perform. To become 
familiar with the separation method and to establish a separation technique free from 
contamination, numerous trial separations on "normal" blood prior to separation of 
patient blood were carried out. During these separation trials, three types of BD 
V acutainers™ and two different washing solutions were evaluated and hence 
analysed [Adm03] [Adm04]. The results of which are discussed in 4.3.3. 
Leukocytes were separated into two fractions, peripheral blood monocytes (PBMC) 
and polymorphonuclearcytes (PMN). Samples from CAGB patients, with and 
without type II diabetes, were treated in an identical manner to the separation and 
preparation of the blood from "no1mal" subjects described below, with the exception 
that two 7 mL samples from CABG patients were pooled together post-separation to 
ensure an adequate amount of leukocyte material prior to analysis. 
In the trial separations of leukocytes from "normal" volunteers, several 7 mL 
samples of whole blood were collected to evaluate the 3 types of BD Vacutainers™ 
described in Table 4.3 .1. These trials were carried out using the facilities at the 
Department ofHaematology, St. George's Hospital. Subsequent separation of patient 
blood took place at the Chemical Pathology Department at St. George's Hospital. 
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Within two hours of collection the samples of whole blood from "normal" subjects 
were isolated using a separation technique known as density gradient separation, this 
is a two-step centrifugal technique. Different types of gradient media separate the 
different blood components according to their weight, separating whole blood into 
the various sub fractions of choice. 
Polymorphprep™ (Axis Shield PoC AS) was chosen here with a view to isolating the 
whole blood into peripheral blood monocytes (PBMC, including lymphocytes) and 
polymorphonuclearcytes (PMN, including basophils and eosinophils). For chemical 
solutions used, product description and chemical content see Appendix IV, Table III. 
The separation was followed according to well established procedures and 
instructions, taking particular care with regards to contamination and with reference 
to previous work [Adm03] [Fer80], [Whi82], [Bon76], enabling the two subfractions 
of each sample to appear as cloudy bands across the centrifuge tubes as shown in 
Figure 6.3 .1. 
Procedure 
3mL Polymorphprep™ was pipetted into a centrifuge tube, taking care not to 
contaminate the sides of the tube with the medium. 7 mL (maximum blood volume 
for 3mL Polymorphprep™) of whole blood was added to the medium slowly at a 45° 
angle to avoid mixing with the medium, tilting the tube upright as the blood was 
added. 
plasma - to be freeze dried 
layer 1 - PBMC (monocytes, including lymphocytes) 
Polymorphprep TM (discard) 
layer 2- PMN (neutrophils, including basophils and eosinophils) 
layer 3- PMN + Polymorphprep™ 
erythrocytes - to be freeze dried 
Figure 6.3.1: Whole blood separated into subfractions after initial centrifugation. 
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The tube was covered with parafilm and centrifuged at 450-500 xg (1900-2000 rpm) 
for 30 minutes. After centrifugation the required layers were removed for use 
according to Figure 6.3.1. 
Here layer 1 and layers 2 plus 3 were of interest (layer 3 was combined with layer 2 
as it may still contain PMN). Each layer was extracted using a pre-cleaned Pasteur 
pipette and placed into pre-cleaned, centrifuge tubes. 3 mL of Phosphate Buffer 
Solution (PBS) was added to each separated layer to wash the cells and to restore 
normal osmolality; the subfraction layers were re-centrifuged at 400 xg (1700 rpm) 
for 4 minutes. At this stage all the cells should be intact and are known as viable 
cells. 
Washing solution 
After centrifugation the PBS was discarded. Half the samples were then treated with 
a different washing solution, (mannitol, a glucose, hydrogen and oxygen culture 
medium) instead of the usual PBS. The layers were re-washed with the addition of 7 
mL of either PBS or Mannitol and re-centrifuged at 400 xg (1700 rpm) for 4 
minutes. As PBS contains phosphorous, this may be a source of contamination and 
interference reactions by providing, for example, a ｂｲ･ｭｾｳｴｲ｡ｨｬｵｮｧ＠ continumn 
underlying the gamma-ray spectrum in Instrumental Neutron Activation Analysis 
(INAA) or characteristic phosphorous x-rays for PIXE analysis. 
Notes 
i) For optimum separation all blood samples, Polymorphprep™ and centrifugation 
should be at room temperature. 
ii) The lower the haemoglobin content of the blood, the greater the possibility of it 
mixing with the medium, this can be determined through a whole blood count 
performed routinely throughout the operation. 
iii) All centrifugation conditions are stated as Relative Centrifugal Force (RCF, xg); 
revs per minute (rpm) are dependant on the radius (em) of the centrifuge and a 
calculation must be made, (RCF = 0.00001118 x r x rpm2). 
iv) Prolonged centrifugation or centrifugation at a higher force will result in the 
PMN migrating further down the tube towards the erythrocytes. 
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v) Indicated in the instruction leaflet of the media, contamination of PMN with 
erythrocytes is between 2-6 %. 
vi) Separation time, from blood collection to sample prepared for analysis is 
approximately 3 Y2 hours. 
As a great deal of work has been reported on the trace element concentration in 
erythrocytes and plasma, see 2.1.3 and 2.2.3, it was decided to store these two 
fractions that were by-products from the centrifugation separation and analyse them 
as part of future work. The separated erythrocytes and plasma were stored in a -20 
oc freezer for a minimum of 12 hours in pre-cleaned polyethylene containers and 
placed in a freeze drier at a temperature less than -45 oc for a minimum of 24 hours. 
After freeze-drying they were placed in a desiccator waiting preparation into pellets 
for analysis. 
If after isolation and washing the fractions of PBMC and PMN appeared pink this 
was an indication of contamination of these fractions with platelets or erythrocytes 
and therefore the fractions required lysing. 4 mL of lysing solution, see Appendix 
IV, Table III, was mixed with the cells and left for 4-7 minutes depending on the 
severity of contamination before being centrifuged at 400 xg (1700 rpm) for 4 
minutes. Once lysed, the cells were re-washed with the respective washing solution 
and centrifuged. It may be necessary to lyse and re-wash the samples a second time. 
Results from these evaluations of container and washing solution can be found in 
4.3.3. All subsequent leukocyte separations used PBS as the washing solution. 
To determine the recovery yield (to be used when quantifying elemental 
concentrations in each fraction) and degree of contamination from other cell 
fractions using this separation technique, a yield determination experiment was 
carried out using the established PBS washing solution: results of which are 
discussed in 9 .1. 
For separated samples the vials or containers used should be pre-cleaned, of clear 
plastic material and caps should be lined with plastic. Pigtnented caps, rubber caps or 
seals were avoided. All equipment and containers were soaked in 1 % Analar nitric 
acid and thoroughly rinsed three times with "ultrapure" de-ionised water. The Ni 
coated die used for making the pellets was washed in diluted Decon-90™ and then 
rinsed with "ultrapure" de-ionised water three times as an acid wash would etch the 
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metal. In the previous sample preparation procedures new, pre-cleaned pipettes were 
used when transferring the separated fractions to avoid cross contamination. Class II 
conditions were available at the Chemical Pathology Department, St. George's 
Hospital and were used for all cleaning of equipment. These clean conditions were 
also maintained throughout all stages of separation and preparation of samples. 
6.3.1 Determination of leukocyte concentration (f..lg 109 ceus-1) 
It is important to note that from the few published journals and giving consideration 
to varying mass and volume of the cells, leukocyte values are usually quoted in 
concentration of J..Lg 109 cells-1 and not as a weight, which is the unit used when 
quantifying whole blood, plasma, serum and erythrocytes. The calculation used to 
determine leukocyte concentration in J..Lg 109 cells-1 is shown below. 
Whole blood samples were collected for analysis at various timepoints pre-, during 
and post-surgery by the senior registrar, at the same time for routine monitoring 
during CABG surgery, blood was taken for a full blood count. A full blood count 
quotes PBMC and PMN values of 109 cells L-1• 
These results (which are kept in the patients medical records) were used to calculate 
the PBMC and PMN concentration. 
mass of element of interest in sample (p.g) 
number of cell type volume of whole 
from full blood count x blood sample for 
(1 09 cells r 1) separation (L) 
Recovery yield 
X (%) 
Concentration of cell type 
(pg 109 cezzs-1) 
The percentage recovery yields for each leukocyte subfraction determined in Table 
9 .1.3 was also taken into consideration in the final PBMC and PMN concentration 
calculations. 
6.4 Leukocytes Preparation 
As two analytical techniques were used, INAA and PIXE analysis, different 
preparation methods for each technique were necessary in order to allow optimum 
detection of elements. 
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Preparation onto Polyethylene Capsules 
Each subfraction was pipetted using a clean pipette into a small pre-cleaned and 
labelled, polyethylene capsule and air dried prior to analysis. This preparation was 
satisfactory for INAA where the entire sample enclosed in a capsule is irradiated by 
the neutron flux. However, for PIXE analysis it proved to be less than ideal because 
the proton beam irradiates a particular area. As the sample dries onto the 
polyethylene capsule during preparation it may be non-uniformly distributed over the 
inner base of the capsule. 
Preparation onto Mylar Sample Plate 
The non-uniform drying of the leukocytes samples in the polyethylene capsules 
meant that the samples could not be classified as "thick" samples and another 
preparation method had to be developed to prepare the samples for PIXE analysis. 
As the leukocyte samples were potentially "thin", transmission through the sample 
of the proton beam without any interference (polyethylene capsule) must occur. 
An AI sample plate 3 mm in thickness with 5 mm diameter holes was covered in 2.5 
J..Lm Mylar film. The film was pulled taut and glued around the holes and the outside 
of the plate ensuring no glue contaminated the Mylar film that was covering the 
holes. The appropriate fractions, identified as layers were extracted, isolated and 
purified, then directly pipetted onto the Mylar film, see Figure 6.4.1. The samples 
were then left to air dry and fixed onto the film with a drying binder that forms a 
sub-micron film through solvent evaporation. The films, both Mylar and Pioloform 
(polyvinyl butyral), are known to contain elemental impurities [Yat04] , which for the 
benefit of this work were assumed negligible. To prevent charge build up of the 
samples, the plates were coated with a thin carbon layer a few nm thick using a 
carbon arc evaporation system. 
Figure 6.4.1: Photograph of leukocyte fraction peripheral blood monocytes (PBMC), air dried 
onto an aluminium sample plate covered with 2.5 J.lm Mylar film. 
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6.5 Complications in Preparing and Analysing Leukocyte 
Fractions 
Leukocytes contain a large proportion of water and the drying of the fractions prior 
to analysis caused them to become very fragile and easily broken, the delicate nature 
of these samples caused complications when trying to analyse them. For INAA this 
was less of an issue as the whole sample was contained and irradiated by the neutron 
flux. However, when the samples in polyethylene capsules were analysed via PIXE 
analysis it was difficult to ensure that the proton beam was focused entirely over an 
adequate sample area and that the area analysed by the beam was solely sample, of 
uniform thickness and not a mixture of sample and polyethylene. Elemental maps 
produced as a result of scanning the sample area identified the majority of the area as 
not being entirely of the sample and any sample that was present was only a few 
microns thick and therefore classed as a "thin" sample, which meant that the beam 
was able to traverse through the sample and onto the polyethylene backing making 
data analyses of the samples difficult. 
Several different sections of each sample were scanned to detect a uniform area but 
proved to be unproductive; this non-uniform area can be seen in Figure 6.5 .1. The 
poor brightness of the maps illustrates low elemental mass. To determine the 
variation in sample composition and thickness from one part of a scanned area to 
another, individual points were also analysed. Counts recorded for each point 
detected that these varied considerably. 
Cl Si 
Figure 6.5.1: Elemental maps determined by PIXE scanning (area= 2 mm x 2 mm) of chlorine 
and silicon respectively from a polymorphonuclearcyte (PMN) sample analysed on a 
polyethylene capsule obtained from the OM_DAQ data acquisition system [Gri95]. 
Note the low elemental mass indicated by poor brightness. 
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The preparation of leukocyte subfractions for PIXE analysis also had its problems. 
The leukocytes were dried onto Mylar film, as they did so they became very brittle 
and easily removed from the surface film as only weak forces bind them together, as 
a result care had to be taken when handling these samples. In PIXE analysis the 
samples are placed in a vacuum, perpendicular to the proton beam. However, once 
under vacuum, several samples were pulled from the film and when the proton beam 
was focused on the samples it caused some of them to lose adhesion. 
Many samples were lost, destroyed or rendered unusable and it meant that these 
samples had to be replaced and the procedure for other patient blood collections re-
started. 
The leukocyte samples as they dried onto the Mylar film did so with varying degrees 
of sample thickness and in a ring formation. Certain elements in particular, e.g. salts, 
sodium and chlorine appeared to dry in a crystalline formation, see Figure 6.5 .2. 
This made routine PIXE analysis of these types of samples very difficult and 
confirms why other analysis routes were considered, by others and ourselves. 
Na Cl 
Figure 6.5.2: Elemental maps determined by PIXE scanning (area= 2.5 mm x 2.5 mm) of 
sodium and chlorine respectively from a polymorphonuclearcyte (PMN) sample analysed on 2.5 
p.m Mylar film. Obtained from the OM_DAQ data acquisition system [Gri95]. 
Note the crystalline formation 
6.6 Reference Material Preparation 
Multi elemental materials with certified elemental concentrations of the material are 
available. The material is often used as a comparator and it provides a factor to 
convert sample counts into weight of the sample, if irradiated and counted under 
identical conditions. For comparative analysis, see 5.1.8 it is important to choose a 
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reference material that has similar matrix and element concentrations as the samples 
themselves. 
Reference material should be used for Quality Assurance (QA) purposes. Several 
reference materials were analysed in this research to determine Quality Assurance of 
the new accelerator system, see 7 .2. 
The International Atomic Energy Authority (IAEA) and the National Institute of 
Standards and Technology (NIST) are organisations that supply such reference 
materials, classified by NIST as standard reference material (SRM). Throughout 
Quality Assurance of the system and sample analysis several reference materials 
were used, Table 6.6.1 highlights the main preparation guidelines prior to use for the 
reference materials used, as issued by the organisations. 
Table 6 61 c 'fi d . . . ert11e . . ｾ＠material m ormation and preparatiOn recommendatiOns. 
Peach Leaves Bovine Liver Oriental Tobacco Milk Powder Leaves (NIST 1547) (NIST 1577b) (ICHTJ-CTA-OTL-1) (IAEA 153) 
Material kept in tightly No special precautions 
closed bottle stored in are required for the 
the dark between 10- storage of this material. 
30 °C. Ideally kept in a 
desiccator. Mix bottle 
before use. 
Minimum sample Minimum sample Minimum sample Minimum sample 
weight 150 mg. weight 250 mg. weight 100 mg. weight 300 mg. 
Dry in a desiccator at Dry in a vacuum Use separate sub-
room temperature (22 oven for 24 hours at samples of at least 500 
°C) for .... 120 hours 25-30 °C at pressure mg dried to constant 
over fresh magnesium not greater than 30 Pa weight in a drying oven 
perchlorate. (0.2mmHg). at 105 °C. 
Particle size ....., 7 5 ｾｭ＠
(200 mesh). 
Usually these materials are provided in powder form and all values are expressed on 
a dry weight basis. Therefore the dry weight must be determined at the thne of 
analysis. Panayi showed experimental data for freeze dried reference material 
highlighting that bovine liver and peach leaves had a 5.9% and 8.3 %water content 
respectively prior to use [PanOO]. 
All materials were prepared and analysed in duplicate 5 mtn diameter pellets 
ensuring uniform geometry during irradiation and counting and were produced as 
instructed using material masses of 100-150 mg to ensure a homogeneous sample. 
These reference materials were used for absolute analysis in chapter 7.2 and 
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comparative analysis in chapter 4.3.3, chapter 8 and 9. The suggested material 
masses at the irradiation conditions used to obtain maximum detection of elements 
unfortunately provided a high dead time for all experiments. 
The pellets were placed into pre-cleaned, labelled polyethylene containers or fixed 
onto Al sample plates according to the analytical technique required. Again all 
equipment was soaked in 1 % Analar nitric acid and thoroughly rinsed with 
"ultrapure'' de-ionised water. 
6.6.1 Elemental Standards 
Occasionally, elemental concentration within the reference material of choice does 
not give a certified value for all elements of interest or may not be detected under the 
conditions of analysis. When this is the case it becomes necessary to introduce 
"single element standards". These are usually standard aqueous solutions obtainable 
from main chemical suppliers of individual elements with an approved concentration 
and a certificate of analysis. 
Standard solutions of known volume according to mass required were pi petted into 
small pre-clean, labelled, polyethylene containers. The mass required is dependant 
on the element of interest and irradiation analysis conditions. Again all equipment 
was soaked in 1 % Analar nitric acid and thoroughly rinsed with "ultrapure" de-
ionised water to maintain clean conditions. 
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·Chapter 7 Standardisation of PIXE 
System 
The University of Surrey's tandem accelerator is a relatively new machine (installed 
November 2002) and it is important when using the proton microbeam system to 
assure the consistency of measurements with the standardisation of "thin" and 
"thick" targets at the small concentration levels that are trying to be detected. 
Therefore validation of the system for PIXE analysis must occur prior to 
determination of element concentrations within my samples. 
7.1 GUPIX H-Value 
The detector must be well characterised for peaks to be converted into elemental 
concentrations by an "absolute method" i.e. without standards [Gri04]. On the other 
hand all analyses can be performed relative to single-element standards or to 
standard matrices containing various trace elements providing the standard has a 
similar matrix and elemental concentrations as the sample. 
GUPIX [Max95] takes both approaches to determine a single quantity "H" that 
describes the system and the x-ray absorber thickness simultaneously from a 
standard. 
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The H-value will be a constant with respect to x-ray energy (or element) in a well-
characterised system and a "function of x-ray energy" in a not so well characterised 
system. It is straightforward to determine the H-value: process the spectra of a 
standard material and determine a concentration, the ratio of which to the certified 
concentration for each element is the H-value [Cam93] [NejOO]. It goes without 
saying that the H-values calculated are only relevant for experiments of identical 
geometry (solid angle) and charge collection method i.e. is a function of the 
measurement conditions. 
GUPIX uses a detector efficiency calibration in which a file is created which 
contains the measured values of the H-value or effective solid angle of the detector 
as a function of x-ray energy by one of four ways: i) constant - Dan32 uses the 
current detector solid angle (defined by the true detector distance and the reference 
H-value supplied by the user at some reference distance, ii) manual H-value files -
Dan32 requires a set ofH-value files to be created by the user, iii) H-values from the 
detector database- the detector database allows a table of energy dependent H-values 
to be inputted and stored for each detector; Dan32 uses these values to create new H-
value files before each run and iv) H-values from calibration runs are obtained. 
Dan32 can store a library of standards containing the certified elemental values and 
when a sample is analysed and the spectrum processed, the H-value file can transfer 
these values to a second database where the measured concentrations are stored 
together with the name of the standard, the detector name, the filter name, the 
detector distance and the date of the run. It is then possible to search the database for 
the matching conditions and use these conditions to calculate a correction factor for 
the H-value. 
7.2 Experimental Validation 
Several reference materials were analysed by PIXE analysis and the elemental 
concentration of these "thick samples" were determined by the "absolute method", 
by means of the equation in 5.2.5, using Dan32 and the "Q factor" method. This 
internal normalised procedure is able to correct for major factors such as self-
absorption but systematic errors still remain and assumptions regarding target 
flatness and homogeneity have to be made. The comparison made between the 
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experimental elemental concentrations determined absolutely and the certified values 
provided by the reference material suppliers, provides H-values (a function of 
energy) for a GUPIX database, which is a new addition to the Dan32 software 
[Gri04a]. 
Sample and standard preparation 
The reference materials analysed included: Peach leaves (1547), Coal (1632b) and 
Bovine liver (1577b) all supplied by NIST. Spinach (331) supplied by IAEA and 
Bowen's Kale supplied by Dr. H. J. M. Bowen. All were prepared as pellets and 
fixed onto aluminium sample plates, previously described in 6.6. 
Experimental set-up and irradiation conditions 
PIXE analysis proton beam energy 
beam diameter 
average beam current 
counting period 
detector filter - magic, acrylic 
beam scan area 
Si(Li) detector distances 
Surface barrier detector distance 
3.0MeV 
5J..tm 
400pA 
10 minutes 
thickness - 1 060 !J.rn 
hole fraction- 0.02 
lmmxlmm 
20 mm and 25 mm 
55mm 
The standards were analysed at two detectors distances, with the use of a "magic" 
filter. The magic filter used in these experiments allows only a 2% transmission for 
any element below Ca. 
NB For quantification by the "absolute method", see 5.2.5 all parameters used in the 
PIXE equation must be known. 
Results and Discussion 
The H-values for two reference materials determined (one reference material was 
analysed at two detector distances) are illustrated in Figure 7.2.1 and as can be seen 
the H-value according to energy is not a constant, which implied that the system was 
not well characterised. 
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Figure 7.2.1 Graph illustrating the H-value of the reference materials Bowen's Kale analysed at 
20 mm and 25 mm detector distances and Peach Leaves (NIST 1547) analysed at 25 mm 
detector distance all with a magic filter. Error bars (1 standard deviation) are represented as 
propagation of error ratio, see Appendix I. 
The poor H-value of Al and subsequently the unrealistically high experimental 
concentrations for Al in all three experiments can be explained by the interference 
from other elements in the sample. The Ka1 x-ray energy of Al is 1486 eV, the Si(Li) 
detector used in PIXE analysis has a resolution of 174 eV, therefore the Br La1 x-ray 
energy of 1480 e V is sufficiently close to cause interference. Contribution to the high 
concentration of Si in Bowen's Kale, which was also detected in Peach Leaves, 
although not certified, was probably due to interference by the La1 x-ray energy of 
Rb. 
The elements vanadium, chromium and cobalt (and nickel in Peach Leaves) are 
certified elemental values, they were however, below the detection limits of PIXE 
analysis in these experiments. 
As all concentration calculations have taken into consideration the "magic" filter, 
differences in sample matrices and detector distance it was expected that all three 
lines would be similar in H-value according to energy and follow a similar trend. 
While all three lines exhibited a similar pattern, the H-values of each line (i.e. 
reference material) showed differing amounts. Reference material Bowen's Kale at 
detector distances 20 mm and 25 mm do not have comparable values with a 30-50 % 
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difference between the two sets of values. To account for this difference the 
homogeneity of the two samples were compared and found to be homogeneous in 
nature, verification of homogeneity of Bowen's Kale can be found in Figure 8.1.3a. 
Thus implying that the characterisation of the detector distances within the PIXE 
system were incorrect. 
The H-values of Peach Leaves and Bowen's Kale analysed at identical distances also 
show different ratio values. An initial explanation was thought to be due to the lack 
of homogeneity in the Peach Leaves however, on further inspection of the elemental 
maps for this reference material, see Figure 7 .2.2, the homogeneity of peach leaves 
was claimed to be good and did not appear to be an influencing factor. This 
highlights the need for follow-up studies with respect to homogeneity of this 
reference material. Details of these findings have been referred to the National 
Institute of Standards and Technology (NIST) for further investigation. 
Fe Si 
Ca K 
Figure 7.2.2: Elemental distribution maps determined by PIXE scanning (area = 1 mm x1 mm) 
of iron, silicon, calcium and potassium in the certified reference material Peach Leaves (NIST 
1547). Note the uniform distribution 
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Analysis was performed using a "magic" filter to reduce the background and 
interference caused by higher energy elements and when using this filter in the 
analysis procedure, it would be expected as energy increased that experimental 
concentration of elements at the higher energies would tend towards the certified 
concentration. Clearly this is not so for all three reference materials illustrated here 
and indicated that the parameters assigned by previous users for the calibrated filter 
used in these experiments were incorrect and need re-addressing. 
Conclusion 
A comparison was made between experimental elemental concentrations determined 
by the "absolute method" and certified values of two reference materials at two 
detector distances using a "magic" filter, with a view to validating the new 
micro beam line for PIXE analysis. 
This quantification of elements by the "absolute method" illustrated that the 
University of Surrey's PIXE analysis microbeam system is not well characterised 
and as yet it is not possible to obtain accurate absolute elemental concentrations in 
PIXE analysis, i.e. without a standard. Before achieving accurate absolute values, 
consideration must first be given to re-characterising the detectors, the detectors to 
sample distances of the system and to re-modelling the magic filter parameters. 
This comparison data (ratio of certified elemental concentrations to experhnental 
elemental concentrations) was subsequently used to calculate H-values (as a function 
of energy/element) and will be added to a GUPIX database, which is a new addition 
to Dan32 [Gri04a], currently under development and used to describe the system 
when determining the elemental concentration via the "comparative method". 
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Chapter 8 Results and Discussion -
Erythrocytes 
It is hnportant to determine elemental concentrations from various blood fractions as 
they provide different results and therefore information, see 4.2.1. 
Elements were quantified by the "comparative method" for both techniques, see 
5.1.8 using the reference materials indicated. 
An example of concentration . calculation v1a the comparative method and 
propagation of error calculation for one sample can be found in Appendix I. 
8.1 Elemental Concentration of Erythrocytes of 
"Normal" and Type II Diabetic Subjects Undergoing 
CABG Surgery 
Sample and standards preparation 
Erythrocytes from ''normal'' and type II diabetic blood were separated and prepared 
into pellets according to 6.2 and fixed onto aluminium sample plates for PIXE 
analysis. 
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Bowen's Kale and Certified Reference Material (CRM) Oriental Tobacco Leaves 
(CTA-OTL-1) were used for Quality Assurance purposes and comparative analysis 
as calibration factors, prepared and fixed onto plates as described in 6.6. 
Experimental analyses, set-up and irradiation conditions 
PIXE analysis proton beam energy 
beam diameter 
typical beam current 
counting period 
magic filter - acrylic 
beam scan area 
Si(Li) detector distance 
Surface barrier detector distance 
2.5 MeV 
10 ｾｭ＠
800pA 
9 minutes 
thickness - 1060 ｾｭ＠
hole fraction - 0.02 
1mmx1mm 
20mm 
50mm 
Data analyses were carried out using Dan32 software, see 5 .2.11. 
Results and Discussion 
These experiments were one of the first performed on the then new tandem 
accelerator micro beam system [ Adm04a] and (as expected, with any new procedure 
and equipment) technical problems were encountered during analyses. However, 
these were to a certain extent, resolved but required many experiments of trial and 
error. The results of a small number of sample analyses are therefore presented here. 
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Figure 8.1.1: Proton Induced x-ray Emission (PIXE) analysis spectrum of erythrocyte sample 
obtained using the 2 MV accelerator at University of Surrey, UK. 
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The following elements were detected in the erythrocytes; P, S, Cl, K, Ca, Fe, Cu, 
Zn, Brand Rb (5 subjects each at 5 timepoints, 2 non-diabetic subjects and 3 type II 
diabetic subjects). An example of a PIXE analysis spectrum for an erythrocyte 
sample is illustrated in Figure 8.1.1. 
Of the two reference materials, it became evident from the "absolute calculation" 
concentrations that the experimental elemental values of Oriental Tobacco Leaves 
(CTA-OTL-1) were not comparable to the certified values, see 7.2 for further 
explanation. Elemental maps determined by PIXE scans for Oriental Tobacco 
Leaves are illustrated in Figure 8.1.2. These four images highlight the 
inhomogeneous nature of the reference material; with Fe and Si more concentrated in 
certain areas. These same areas are also identified as being of low concentration in 
the elemental maps of Ca and K. The homogeneity of small samples and especially 
certified reference material is essential especially in quantitative analysis. 
Fe Si 
Ca K 
Figure 8.1.2: Elemental distribution maps determined by PIXE scanning (area= 1 mm x 1 mm) 
of iron, silicon, calcium and potassium in the certified reference material Oriental Tobacco 
Leaves (CTA-OTL-1). 
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Ca K 
Ca K 
Figure 8.1.3 a and b: Elemental distribution maps determined by PIXE scanning (area = 1 mm 
x 1 mm) of iron, silicon, calcium and potassium in a) Bowen's Kale and b) erythrocytes. 
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Figure 8.1.3a and b show scans of the distribution of the same elements in Bowen's 
Kale and an erythrocyte sample; visibly the elements in both materials are more 
uniformly distributed, although Bowen's Kale less so for Ca and K. The proton 
micro beam provides a good test of heterogeneity using the distribution maps. 
Table 8.1.1 compares the element concentrations of erythrocyte samples from the 
pre-operative stage of patients undergoing CABG surgery with literature values for 
subjects not undergoing surgery [Iye78]. Erythrocytes have a lifespan of 
approximately 120 days so analysis of the pre-operative sample provides elemental 
concentration and an indication to the health of these patients prior to surgery. Table 
8.1.1 does not include subject 1 as no pre-operative sample was obtained. 
Table 8.1.1: Elemental concentration of erythrocytes (mg L"1 ± SD) using PIXE analysis from 
pre-operative subjects compared to literature concentration ranges of erythrocytes [lye78], n = 
5. Errors (1 standard deviation) are represented as propagation of error, see Appendix I. 
Subject number Element concentration, mg L"1 ± error (SD) 
Si p s Cl 
2 <DL 667 ±27 2071 ±290 2180 ±260 
3 <DL 849 ±34 2837 ±400 2905 ±350 
4* 47 ±26 646 ±26 2629 ±370 2995 ±360 
5* 14.9 ±8.3 729 ±29 2562 ±360 2832 ±340 
6* <DL 758 ± 31 2510 ±350 2784 ±330 
Literature range 4.1 656-978 - 1760-2477 
Subject number Element concentration, mg L"1 ±error (SD) 
K Ca Fe Cu 
2 3866 ±230 44 ±9 1272 ± 160 0.95 ±0.33 
3 5006 ±300 68 ±13 1490 ± 180 1.28 ± 0.42 
4* 3509 ±210 80 ± 10 1214 ± 150 1.01 ±0.33 
5* 4291 ±260 79 ±11 1242 ± 150 0.88 ±0.32 
6* 4563 ±270 81 ± 12 1260 ± 150 0.86 ±0.44 
Literature range 3030-4230 0.63-5.20 985- 1140 0.75-1.3 
Subject number Element concentration, mg L"1 ±error (SD) 
Zn Br Rb 
2 14.7 ± 1.6 2.8 ± 0.7 4.1 ± 1.1 
3 21.3 ±2.3 5.3 ± 1.2 7.4 ± 1.8 
4* 12.4 ± 1.3 3.0 ± 0.8 4.1 ± 1.1 
5* 14.9 ± 1.6 3.8 ±0.8 3.0 ± 1.2 
6* 16.7 ± 1.8 5.7 ± 1.1 2.8 ± 1.1 
Literature range 7.6-16.1 1.45 4.2-5.3 
<DL less than detection limit. ＨＳｾ｢｡｣ｫｧｲｯｵｮ､＠ J [Max95], see Appendix I, Table I 
* type II diabetic 
For ease of examination and identification of any elemental changes throughout the 
operation time-period, Figure 8.1.4 and Figure 8.1.5 illustrates the normalisation of 
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elements to the pre-operative timepoint. Elemental concentration values (including 
errors) of all samples at all timepoints analysed using the PIXE technique can be 
found in Appendix II, Tables III and IV. An example of concentration and error 
calculation is shown in Appendix I. The medical history of these subjects can be 
found in Appendix III, Table I and for the medical glossary and drug action see 
Appendix IV, Tables I and II. 
From Table 8.1.1, two of the diabetic patients are seen to have a pre-operative 
concentration of Si above the detection limit. Due to the lack of pre-operative values 
a graph showing normalisation of concentrations of Si to this timepoint was not 
possible in these patients. However, subjects 2, 3, 4, 5 exhibited a change in element 
concentration throughout surgery, an increase in concentration from early bypass 
was indicated, followed by a decline at post-operative times. Silicon has, to some 
extent, a blood thinning effect by inhibiting magnesium and increasing sodium 
retention. It is intended to improve the present detection limit of Si (10 J..Lg g-1), as 
this is a trace element of great importance in these studies. 
In cells, sulphur is found in two amino acids, methionine and cysteine, as well as 
being involved in the activity of homocysteine, taurine, chondroitin, heparin, 
fibrinogen, thiamine, biotin, lipoic acid, coenzyme A, glutathione, and inorganic 
sulphate [Rau94]. An important function of sulphur is its role in carbohydrate 
metabolism, where sulphur is a component of insulin; hence a diet low in sulphur 
(sulphur is obtained from protein) can result in low insulin production, particularly 
critical in diabetics. The physiological roles of sulphur are many; enzyme regulator, 
protein structure stabilisation, collagen synthesis, sensors of iron and oxygen and 
oxidation and reduction [Ubu02]. Interestingly, under the process of oxidative stress 
S has now been proposed as a second-generation reactive species, the reactive 
sulphur species (RSS) [Gil01]. With reference to Table 8.1.1 no literature value for S 
was given. Figure 8.1.4a and b reveal that the trend of S and Fe for all subjects 
follow an almost identical graphical pattern, with an increase 1 hour post-operatively 
for both elements. 
It is reported that a decrease in iron body stores delays the onset of atherogenesis and 
can possibly have some effect on the immune system [W al98]. Whereas using an 
iron chelator showed a reduction in lesion development [W atO 1]. This confirms, as 
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shown in Table 8.1.1, the high iron content dete1mined in erythrocytes of all the 
patients waiting to undergo CABG surgery. The medical history of subject 2 
indicates that iron therapy was given for anaemia during the ITU stay, Figure 8 .1.4b 
illustrates this with an increase in Fe concentration for subject 2, 12-24 hours post-
operatively while in ITU. Subject 4 showed an increase in Fe concentration 1 hour 
post-operatively, medical history identified this subject as having a low fibrinogen 
count (1.2g L-1) and thromocytopaenia (low number of platelets) evident on film. 
This is verified by the elevated Activated Partial Thromboplastin Time ( aPTT), see 
Appendix N, Table I, of value 1.55. This subject received platelets and also iron 
therapy during surgery; throtnocytopaenia is a precursor to anaemia. 
Subject 3 showed unexpected and significantly different values of Fe and other 
elements over the surgical timepoints compared to other subjects, further 
investigations with respect to the patients medical history may indicate reasons 
behind the changes. 
Kidney chemistry has a primary effect on LDL/HDL ratios; low phosphorus 
concentration encourages higher production of LDL cholesterol and VLDL 
triglycerides. Table 8.1.1 showed P concentrations being within normal range. Figure 
8.1.4c also follows a not dissimilar pattern to the elements Sand Fe for the duration 
of the sampling, although the elemental concentrations for all subjects at the final 
sample, 12-24 hours post-operative, appear to decrease except subject 4, which 
increases 12-24 hours post-operatively. Figure 8.1.4a, b and c shows that the 
alteration in concentrations of S, Fe and P during the timepoints of the operation 
remains comparatively small, except for subject 4, which exhibits a large change in 
concentration. 
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Figure 8.1.4: Graphs normalised to pre-operative timepoint of the elements sulphur, iron, phosphorous and chlorine determined by PIXE analysis in 
erythrocytes of patients undergoing CABG surgery (*=type IT diabetic). For concentration and propagation of error values see Appendix IT, Table IV. 
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Figure 8.1.5: Graphs normalised to pre-operative timepoint of the elements potassium, calcium, copper and zinc determined by PIXE analysis in erythrocytes of 
patients undergoing CABG surgery (*=type ll diabetic). For concentrations and propagation of errors see Appendix n, Table IV. 
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The pre-operative Cl concentrations in Table 8.1.1 for all subjects except subject 2 
were above quoted literature values. However, it is significant to note that subject 2 
was considerably lower in initial concentration, referring to patient history, 
Appendix III, Table I, identified this subject as having a Base Excess of 2.8 meq L-1 
(metabolic alkalosis, see Appendix IV, Table I) at the start of surgery as well as 
receiving iron therapy for anaemia. Low Cllevels result in low acid concentration in 
the blood hence alkalosis and a low concentration of intrinsic factor, which 
ultimately results in anaemia. Figure 8.1.4d shows subjects 2, 4, 5, and 6 following 
very similar concentration patterns during each operation with a small increase from 
pre-operative to a decline at 1 hour and 12-24 hours timepoint. For patient 4, values 
were unexpectedly reversed, an increase of Cl would have been expected; this 
patient had a Base Excess at the end of 24 hours of -11.7 meq L-1 i.e. metabolic 
acidosis. Not readily explained is patient 3, which had a dramatic Cl concentration 
decrease late bypass increasing 12-24 hours post-operatively. Additional 
investigations of the patients medical history may indicate reasons behind the 
changes. 
Cell membrane potential relies on the normal intracellular potassium stores. 
Homeostasis is linked to other intracellular ions e.g. sodium (Na), calcium (Ca) and 
magnesium (Mg). Potassium is involved as a cofactor in protein synthesis and 
carbohydrate metabolism and is crucial to cardiovascular functions. In addition to 
calcium and magnesium, potassium helps maintain normal blood pressure. 
Reduction of intracellular potassium is a common trait of essential hypertension and 
type II diabetes [ResO 1]. Table 8 .1.1 highlighted that subject 3 was higher in 
concentration pre-operatively compared to other subjects and Figure 8.1.5a 
illustrated a considerable decline in concentration at the final sample collection 
compared to the other patients. 
Calcium activates the protein fibrin and promotes blood clotting and elevated 
calcium levels are associated with vascular degeneration, calcification of soft tissue, 
hypertension and stroke, an increase in VLDL triglycerides and increased alkalinity. 
This is confirmed in Table 8.1.1 where for all subjects the initial concentrations of 
Ca were in the range of 44-81 mg L -t the reference range is 0.63-5.20 mg L-1, 
showing clearly that an increase inCa influences vascular disease. Once the calcium 
level is raised, patients and clinicians will have to become aware of sugar intake and 
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hence predisposition to diabetes. The diabetic subjects appear to have increased pre-
operative Ca concentrations compared to the normal subjects. Figure 8.1.5b shows 
what at first appears a very unpredictable graph. Subject 3's history included average 
bypass duration of 78 minutes with an elevated Activated Partial Thromboplastin 
Time (aPTT) of factor 1.47 [Hir01]. Ca concentration of patient 3 increased from 
early bypass as a natural precuser in blood clotting, then decreased consistently until 
post-operative, while the patient was recovering in ITU and heparin was no longer 
administered. On the other hand subject 4 had an extensive bypass time of 138 
minutes, aPTT of factor 1.55 and a low fibrinogen concentration of 1.2 g L -1, the Ca 
concentration at this late bypass time rose to 154.57 mg L-1 ｴｾ＠ assist in clot 
formation, compensating for the extensive length of bypass. A similar scenario to 
subject 4 can be seen in subject 5 although Ca concentration increased from early 
bypass to 1 hour post-operative and was confirmed by a high aPTT factor of 1.27. 
The most well known Cu protein is ceruloplasmin; it has enzymatic oxidase activity 
and is an acute phase reactant involved in response to inflammation and injury 
[Sco98]. Another protein is metallothionein, a binding protein; its exact function is 
still unknown but Cu containing metalloenzymes are involved in Fe and Zn 
metabolism, elastin, haemoglobin, collagen synthesis and reactive species 
scavenging [W al98] [Sar94]. Increase in Cu concentration has been linked with 
disorders in the stlucture of the arterial walls, stress, infection and in Parkinson's 
disease and diabetes mellitus [Bes98]. The relationship between an increase in Cu 
concentration and the oxidation of low-density lipoproteins (LDL) has been verified 
[Tan99]. The initial concentrations of Cu, see Table 8.1.1 were all within the quoted 
range. Figure 8.1.5c shows the graph of Cu concentration over timeperiods. 
Zinc prevents lipid peroxidation and maintains membrane structures. It participates 
in glycolysis and plays a major role in the storage, synthesis (glucose metabolism 
enzyme) and secretion of insulin [Thu94]; low levels of zinc affects the production 
and secretion of insulin, common in type II diabetes [Cha98]. Zinc is also part of 
superoxide dismutase (SOD) scavenger that helps protect cells from reactive species. 
Table 8.1.1 showed subject 3 as having a Zn concentration outside the reference 
range and Figure 8.1.5d indicates the element changes during the CABG operation. 
120 
Results and Discussion - Erythrocytes 
Conclusion 
The work sumn1arises the results of the initial phase of the study regarding elemental 
concentration in erythrocytes of a small number of patients undergoing CABG 
operations and the possible concentration changes from pre- through to post- · 
operative states within erythrocytes. The elements detected reliably were P, S, Cl, K, 
Ca, Fe, Cu, Zn, Br and Rb using Bowen's Kale reference material. With a larger 
database this will allow us to follow these changes and their itnpact on the recovery 
of the patients. 
There are differences "pre-operatively'' found in elemental concentrations of patients 
undergoing CABG surgery. Some very interesting results were obtained inS, Fe, Cl 
and Ca variations duting these operations and post-operatively compared to pre-
operatively which may have implications in both preparation procedures for the 
operations, procedures adopted during surgery and in aftercare. 
8.2 Comparison of Analytical Techniques - PIXE 
Analysis and INAA of Erythrocytes 
Different analytical techniques are more sensitive to detecting some elements than 
others and are often used as complementary techniques. The elemental concentration 
of erythrocytes from two analytical techniques: lNAA and PIXE analysis are 
compared. A large number of the erythrocyte results determined by PIXE analysis 
have previously been interpreted in section 8.1. 
Sample and standard preparation 
For both INAA and PIXE analysis, erythrocytes from "normal" and type IT diabetic 
blood were separated and prepared into pellets according to 6.2. 
Bowen's Kale and Certified Reference Material (CRM) Oriental Tobacco Leaves 
(CTA-OTL-1) were used for Quality Assurance purposes and comparative analysis 
and prepared as described in section 6.6. 
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Figure 8.2.1, are graphs illustrating the elemental values of erythrocytes in a ratio of 
analytical techniques; INAA:PIXE analysis. Elemental concentrations of the 
erythrocytes determined by INAA can be found in Appendix II, Table V and a 
comparison of elemental concentrations determined by these two techniques can be 
found in Appendix II, Table VI. A ratio of the techniques or normalisation is an 
effective way of comparing values and to. lessen the impact of errors bought about by 
the use of reference material, see Appendix I for an explanation of this propagation 
of errors. Note that the y-axis scale of each of these graphs vary to illustrate more 
clearly the results. 
In an ideal situation the concentrations determined by INAA and PIXE analysis 
should be identical and hence give a ratio value of one through the surgery 
timepoints. If not the ratios between the two techniques see Figure 8.2.1a, b, c, and d, 
are expected at least to show linearity through the surgery timepoints. An accurate 
comparison should not be made between the individual subjects themselves as the 
concentrations and hence ratios calculated vary from subject to subject. 
Figure 8.2.1b and c show good linearity of the values of chlorine and potassium 
between the two analytical techniques with small errors for both techniques. Each 
individual subject displays a constant ratio throughout all timepoints. The INAA 
concentration values of chlorine for subject 2 are on average ---20% lower than PIXE 
analysis values and for subject 3 and 5 these differences in concentrations increase to 
---35 %. Potassium's difference in concentration for subject 2 is on average ---24 % 
122 
Results and Discussion - Erythrocytes 
lower for INAA, for subjects 3 and 5 the values differ by ,_.35 %, except for subject 
3, 1 hour post-operatively where the concentration determined by INAA is .....,20 % 
less than PIXE analysis concentrations. 
Figure 8.2.ld, has greater errors for bromine compared to chlorine and potassium 
due to the poor counting statistics in the PIXE analysis. In spite of this, when the 
ratio errors are taken into consideration the values of all subjects follow a constant 
ratio throughout their surgery timepoints, except for the early bypass timepoint. The 
concentrations determined by INAA for all subjects are on average ,_.25 %lower in 
value compared to PIXE analysis, with the exception of the early bypass timepoint 
where the concentrations for the three subjects differs by an average of 54 %. PIXE 
analysis consistently determines higher element concentrations and this is possibly 
due to systematic error. 
For the element sulphur, see Figure 8.2.1a, individual subjects vary considerably 
from timepoint to timepoint, without any of the subjects displaying any similarity 
between each other. INAA showed the larger of the errors and contributed to the 
variation in these values. In contrast to the other three elements, the INAA 
concentrations for sulphur were on average ,...,40 % higher than the PIXE analysis 
values for subject 2 with little difference in concentrations for subjects 3 and 5. 
Figure 8.2.1 b, c, and d, illustrates that the ratios are not near a value of one for the 
elements Cl, K and Br, indicating that these elements are sensitive to either 
technique, sulphur however, is not as sensitive. A statistical test was used to verify 
these graphical illustrations. The paired t-test [Pai04] showed that Cl, K and Br all 
had probabilities of less than 0.05, (the probabilities calculated by [Pai04] are 0.00 
which should be interpreted as a very small number) i.e. the mean difference 
between the two techniques is statistically significant from zero, while S had a 
probability of P 0.225 i.e. the mean difference between the two techniques is not 
statistically significant and unlikely to be sensitive to either of the two analytical 
techniques. 
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Figure 8.2.1: Comparison of analytical techniques with the elemental concentration of sulphur, chlorine, potassium and bromine, ratio of INAA:PIXE analysis 
values+ % error, of erythrocytes determined by INAA and PIXE analysis from non-diabetic and typeD diabetic subjects at pre-, during and post-operative 
timepoints of CABG surgery. (*=typeD diabetic). Error bars (1 standard deviation) are represented as propagation of error ratio, see Appendix I. 
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Figure 8.2.2: Variation of elemental concentration of sulphur, chlorine, potassium and bromine, normalised to PIXE analysis pre-operative value, of 
erythrocytes determined by INAA and PIXE analysis from non-diabetic and type ll diabetic subjects at pre, during and post-operative timepoints of CABG 
surgery (*=type ll diabetic). Error bars (1 standard deviation) are represented as propagation of error ratio, see Appendix I. 
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Figure 8.2.2a, b, c and d are the elemental concentrations .of S, Cl, K and Br, 
normalised to the pre-operative value of each technique to illustrate more clearly the 
elemental variation during the surgical procedure. The normalised values of both 
analytical techniques (for each subject) were plotted and both techniques should 
follow a similar graphical trend to each other from subject to subject. It is not 
appropriate here to consider elemental variation pre-, during and post-operative, as 
this is a small sample number, clarification of a larger san1ple number can be found 
in the previous section. Again a comparison should not be made between the 
different subjects themselves as the pre-operative concentrations detennined by each 
technique varies from subject to subject. 
Figure 8.2.2b shows the trends for all three subjects over all surgery timepoints for 
the element chlorine. Both techniques follow a very similar pattern, indicating 
consistency of the two techniques for the element chlorine. Potassium, see Figure 
8.2.2c also illustrates a similar trend between INAA and PIXE analysis 
normalisation values, except for the PIXE analysis of subject 3 which decreases 
rapidly 12-24 hours post-operative. 
Figure 8.2.2d shows the trends for bromine. If the ratio en·ors, which again are high 
due to the counting statistic enors for bromine via PIXE analysis, are taken into 
consideration as shown on the graph then the two analytical techniques for each 
subject are able to follow similar patterns. 
From the norrpalisation graph for the element sulphur, see Figure 8.2.2a variable 
results can be seen. The large errors associated with this element come from the 
IN AA technique, further examination of the data highlighted that the counting 
statistics for this element, for all subjects and timepoints could be increased. 
INAA and PIXE analysis values do not follow the same trend for S throughout the 
operation timepoints, although it is interesting to note that the normalised 
concentration determined by PIXE analysis for all three subjects shows almost 
identical values, with sulphur concentrations being uniform throughout the 
operation. Unreliable results due to contamination of the samples with sulphur can 
be questioned however; all samples were prepared in an identical manner, at the 
same time and in duplicate (one for INAA and the other for PIXE analysis). All 
containers and equipment were cleaned prior to use and clean conditions maintained 
throughout the preparation of the pellets. 
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The samples were irradiated and analysed under the same conditions for each 
respective technique. If the samples were contaminated with sulphur during 
preparation then results from either technique or other samples should highlight this 
issue. It is possible that the surface or part of a sample was contaminated and this 
would be an issue for PIXE analysis, which analyses only a small surface area and 
depth. 
If system detection or calibration from INAA was thought to be the problem, this can 
be disproved, as there was good detection of the neighbouring element Cl. 
Conclusion 
A comparison of techniques and a linearity of ratios throughout surgery timepoints 
were shown. The constant ratio values through the timepoints for chlorine and 
potassium illustrate a consistency in concentrations from both techniques, although 
INAA were overall lower in concentration. Bromine, when taking into consideration 
errors can also provide the same pattern. No relationship or trend between the 
techniques could be established for the element sulphur. In fact, the paired t-test is 
unable to show conclusively whether sulphur is more sensitive to either technique. 
The comparison of the concentrations between the techniques focusing on the 
variation during surgery illustrated that both INAA and PIXE analysis for each 
subject for the elements chlorine, potassium and bromine showed parallel trends. 
However, it is not an acceptable statement to say which technique provides more 
accurate data. INAA uses a large, more representative sample mass of not less than 
100 mg, while PIXE analysis is a surface analytical technique analysing a 1 mm x 1 
mm surface area, 60 J..tm in depth, with a sample mass of ..... 0.120 mg being analysed. 
Data provided have to be questioned as to whether the PIXE analysis technique 
represents a sample population especially in bulk analysis. Each technique is 
sensitive to different elements so by comparing the actual elemental concentrations 
see Appendices II, Table VI and taking into account the propagation of errors 
calculated, see Appendix I, INAA is 1nore suited for the detection of Br. For the 
elements Cl and K, the variations in concentration of samples through the timepoints 
were similar for each technique. However, PIXE consistently calculated 
concentrations higher than INAA analysis perhaps due to systematic error. 
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The determination of trace element concentrations by INAA and PIXE analysis have 
shown to produce varying results with varying error and therefore focus must be put 
on the element of interest and the analytical technique must be chosen accordingly. 
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Chapter 9 Results and Discussion -
Leukocytes 
9.1 Yield Determination of Leukocytes 
For accurate work it is important to determine the yield of leukocytes from whole 
blood when using the density gradient separation media, Polyrnorphprep ™ so that 
precise quantification of element concentration in these cells can be established. It is 
also important to consider both "normal" and type II diabetic subjects as their 
conditions may affect the yield. As well as establishing a yield this work will 
identify the degree of contamination from other cell types. Two methods of cell 
counting were employed, automated and manual. Blood separations, preparation and 
counting were carried out using the facilities at the Chemical Pathology and 
Haen1atology Departments, St. George's Hospital, London, UK and Molecular 
Biology Department, University of Surrey, Guildford, UK. 
9.1.1 Automated Cell Counting 
Cells were separated, prepared and diluted suitable for aspirating through an 
automated counter system. 
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Equipment - Cell counter 
The Coulter Gen·S™ Hematology Analyser supplied by Beckman Coulter® was 
used to determine the number of cell types. The analyser provides automation with 
highest accuracy and compared to manual methods each automated count saves up to 
10 minutes of operator time. Cells were identified using the principles below: 
VCS (volume, conductivity and scatter) technology is a single-channel analysis 
system, detecting leukocyte and erythrocyte populations. A flow cytometer 
characterises cell properties by three independent, shnultaneous measurement probes 
using a fluid based sample delivery system. These three signals are cotnbined to 
three-dimensionally define all cell populations and sub-populations. 
Volume- Sensitive and universally accepted expression of true volume. 
Conductivity - Radio frequency (RF) energy penetrates the cell gathering 
information about the cell size and internal structure. 
Scatter - Unstained cells when struck by a laser beam scatter light in all directions. 
Median Angled Light Scatter (MALS) signals are collected acquiring cell surface 
structure and cellular granularity information mainly used for classifying leukocyte 
and reticulocyte populations. 
Opacity - Internal structure measurement is taken that incorporates nuclear size, 
density and nuclear/cytoplasmic ratio, correcting the conductivity signal so that cell 
size is no longer an influencing factor. 
Rotated Light Scatter (RLS) - Eliminates influencing cell size from light scatter 
signals, supplying data that is more related to internal structure. 
Methodology - cell preparation 
Three 7 mL samples of whole blood from a "normal" subject were drawn directly 
into "trace metal" BD Vacutainers™. One 7 mL sample was set aside for a full 
whole blood count while the other two 7 mL samples were separated within two 
hours of collection, as described in section 6.3; each into the two types of leukocyte 
i.e. peripheral blood monocytes (PBMC, agranular) and polymorphonuclearcytes 
(PMN, granular). The identical PBMC layers were taken from the two Vacutainer™ 
samples while from the second tube the PMN layer also contained the 
polymorphprep and erythrocyte fractions in order to establish whether either of these 
layers contributed to the PMN yield. To establish whether the collection technique 
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directly into V acutainers™ damaged or destroyed the structure of any cells 
(haemolysis), it was repeated collecting blood via syringe. 30 J.!L of the separated 
cells and whole blood samples were placed in a small vial, diluted with media and 
aspirated through an automated cell counter. 
Results and Discussion 
The automated cell counter provides a vast amount of cellular information; only the 
most relevant is shown and discussed below. 
Table 9.1.1: Cell counts using an automated cell counter, Coulter Gen·S™ Hematology 
Analyser from whole blood and leukocyte fractions of '.'normal" blood collected via 
V. ™ H t 1 D S G ' H . I L d UK acutainer . aema o 02Y e_l!artment, t. eorge s OS_])_da, on on, 
Cell fraction (collection via Vacutai11e1' TM) 
Tubel Tube2 
whole PBMC PMN PBMC 
blood layer layer layer 
White blood cell (WBC), total ＨＱＰｾ＠ L" 1) 6.6 33.3 53.1 29.3 
Neutrophils* (% ofWBC count) 67.8 23.3 65.8 43.7 
Lymphocytesif (%) 29.4 27.0 1.0 29.1 
Monocytesif (%) 1.5 49.0 0.5 5.0 
Eosinophils* (%) 0.9 0.7 32.7 21.7 
Basophils* (%) 0.4 0.0 0.0 0.5 
Erythrocytes ( 1 012 L" 1) 4.54 0.05 0.05 0.06 
Platelets ＨＱＰｾ＠ L" 1) 24 247 12 185 
Haemoglobin (g dL" 1) 13.7 0.1 0.2 0.1 
Haematocrit (%) 0.396 0.007 0.007 0.006 
Mean Cell Volume ( fL) 87.1 ** ** 104.0 
PMN (granular) yield(%) 24 98.5 65.6 
PBMC ( agranular) yield (%) 76 1.5 34.4 
** 
* 
not determined, see Appendix IV, Table I, mean cell volume and haematocrit 
granular (PMN) 
fl agranular (PBMC) 
Tube3 
PMN+ 
erythrocyte 
layer 
2.2 
48.9 
5.8 
0.7 
44.6 
0.0 
0.03 
127 
0.0 
** 
** 
93.5 
6.5 
In blood collected via Vacutainer™, the PMN's (granular, containing neutrophils, 
eosinophils and basophils) from both separations with and without the erythrocyte 
layer gave high-quality yields of 98.5 % and 93.5 %, compared to PBMC's 
(agranular, containing monocytes and lymphocytes), which gave vastly different 
results, see Table 9 .1.1. 
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Table 9.1.2: Cell counts using an automated cell counter, Coulter Gen·S™ Hematology 
Analyser from whole blood and leukocyte fractions of "normal" blood collected via syringe. 
Haematology D SG 'H ·1Ld UK epartment, t. eorR:e s osp1ta, on on, 
Cell fraction (collection via syl'illl{e) 
Tube 1 Tube2 
whole PBMC PMN PBMC 
blood layer layer layer 
White blood cell (WBC), total (10!.1 L-1) 6.4 11.3 28.3 15.3 
Neutrophils* _(% ofWBC count) 55.2 40.2 37.2 36.4 
Lym_l)_hocytes11 (%) 34.2 37.0 61.9 30.6 
Monocytes11 (%) 9.6 19.5 0.0 29.2 
Eosinophils * (%) 0.8 3.3 0.9 3.8 
Basophils * (%) 0.2 0.0 0.0 0.0 
Erythrocytes (lOu L- 1) 4.57 0.02 0.03 0.03 
Platelets (10!.1 r 1) 12 90 3 68 
Haemoglobin (g dL- 1) 13.7 0.0 0.1 0.0 
Haematocrit (%) 0.399 ** ** 0.003 
Mean Cell Volume (fld 87.2 ** ** ** 
PMN (granular). yield(%) 43.5 38.1 40.2 
PBMC (agranular) yield(%) 56.5 61.9 59.8 
** 
* # 
not determined, see Appendix IV, Table I, mean cell volume and haematocrit 
granular (PMN) 
agranular (PBMC) 
Tube3 
PMN+ 
erythrocyte 
layer 
12.6 
40.5 
8.1 
6.1 
45.3 
0.0 
0.03 
272 
0.1 
0.002 
62.0 
85.8 
14.2 
From the samples collected via syringe, see Table 9 .2.1, PMN' s showed a variation 
in yields of ·blood fractions between the two samples, the greater PMN yield 
occurred with the inclusion of the erythrocyte layer. PBMC's from both samples 
gave comparable yields. Whole blood from both collection systems gave values 
within normal range, demonstrating that the collection method via Vacutainer™ or 
syringe made little difference to and if any, damage to the cells. Mean cell volume 
and haematocrit content is calculated from the erytlu·ocyte concentration, the non-
determination of mean cell volume and haematocrit shown in both tables is due to 
the lack of or poor concentration of erythrocyte. These values along with the low 
haemoglobin content of the layers is a verification of the lack of contamination from 
other fractions in these separated layers. 
However, automated counting of cells was problematic. Firstly due to their viscosity, 
the fractions were thick in consistency and when the cell counter diluent was added, 
mixing would not occur resulting in the sample blocking the counting apparatus on a 
few occasions. 
From the previous tables, monocyte counts and hence yield frotn all samples should 
be comparable in value and are not, see Table 9 .1.1. The erroneous platelet counts 
and mean cell volumes when compared to the whole blood count must not be 
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measurable to any degree as red cells should only be present in minute quantities. 
These variations in values highglight that the counter was incorrectly identifying and 
subsequently mis- labelling cells, therefore the validity of the results has to be 
viewed with some uncertainty; for that reason manual cell counting was necessary to 
obtain accurate results. 
9.1.2 Manual Cell Counting 
Cells were separated and prepared on microscope slides then stained and fixed 
suitable for viewing and counting through an optical microscope. 
Equipment - Shandon Cytospin3 Cytocentrifuge 
The Shandon Cytospin3 Cytocentrifuge uses low-speed centrifugation to concentrate 
and deposit a thin layer of cells directly onto an area of glass microscope slide, 
giving better preservation of cell morphology, any absorption of residual fluid is 
taken up by the sample chamber's filter card. The rotating action of the Cytospin tilts 
the Cytofunnels vertical and deposits on the slide a thin, usually single layer of cells, 
cell loss is lessened by this tilting, preventing excess fluid from coming into contact 
with the slide. Cytocentifugation spreads out cells giving all cell types equal 
distribution with excellent nuclear configuration being shown. 
Methodology- Cytospin Slide Preparation 
One 7 mL sample of whole blood fi.·om a "normal" subject was drawn directly into a 
"trace metal" BD Vacutainer™. The blood was separated and prepared as indicated 
above and shown in section 7.3 and PBMC and PMN were isolated. A microscope 
slide, a filter card placed in front of the slide and a cytofunnel over the filter card 
were all clasped together into a Cytospin cartridge ensuring the openings in the filter 
card and funnel line-up as shown in Figure 9.1.1a and lb. 
50 000 to 150 000 cells were diluted with the Cytospin diluent and 200 J!L of sample 
pipetted into a cytofunnel and centrifuged at 400 rpm for 8 minutes. The Cytospin 
produced a 6mm 0 of finely coated, single layered cells onto a slide. 
The experiment was repeated using the same quantity of whole blood from a type II 
diabetic patient to assess if this disease influences cell yields. 
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Figure 9.1.1a and b: Shandon Cytospin funnel and cartridge. Haematology Department, St. 
George's Hospital, London, UK. 
The cells were then stained and fixed onto the slides enabling visibility under an 
optical microscope. 
Equipment- Hema-Tek 2000 
The Hema-Tek 2000 Slide Stainer has a continuous feed slide-loading system that 
saves the vast amount of time associated 
with cell staining, see Figure 9.1.2. Exact 
volumes of fresh stain and buffer IS 
delivered by pumps, mixed and added to 
every slide to ensure optimal fixing and 
staining. An agitating flatbed provides 
uniform fixing and staining. An alcohol 
based rinsing reagent is then added to dry 
the slides. 
Figure 9.1.2: Photograph ofHema-Tek 2000 slide stainer and fixer. Haematology Department, 
St. George's Hospital, London, UK. 
Methodology - Slide Staining and Fixing 
The slides were prepared, diluted and the cells stained to highlight the cellular 
morphology. Figure 9.1.3 and Figure 9.1.4 are photographs of the two subfractions 
which were photographed and manually counted through an optical microscope, 
using a grid for location at the Molecular Biology Department, University of Surrey, 
Guildford, UK. Counting was repeated 3 times. 
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Results and Discussion 
Figure 9.1.3: Photograph of separated leukocyte fractions used in manual counting to determine 
yield: peripheral blood monocyte (PBMC) and polymorphonuclearcyte (PMN) fractions 
respectively, separated from non-diseased blood. Molecular Biology Department, University of 
Surrey, Guildford, UK. 
Figure 9.1.4: Photograph of separated leukocyte fractions used in manual counting to determine 
yield: peripheral blood monocyte (PBMC) and polymorphonuclearcyte (PMN) fractions 
respectively, separated from type II diabetic blood. Molecular Biology Department, University of 
Surrey, Guildford, UK. 
Table 9 .1.3 illustrates the percentage counts for each cell type. The PMN' s in both 
diabetic and non-diabetic blood gave high yields of91.9% and 87.2% respectively, 
in contrast to the PBMC's which provided a good yield of 82.8 % for patients 
without diabetes undergoing CABG surgery but a poor yield of 48.9 %for patients 
with type II diabetes. The PBMC layer from a type II diabetic subject was 
contaminated with neutrophils suggesting that the disease diabetes may influence the 
quality of blood and subsequently the separation of the PBMC layer. 
Erythrocyte contamination in both subfraction layers of "normal" and type II 
diabetic blood were small with values ranging from 0. 7-1.7 %. 
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Table 9.1.3: Percentage leukocyte count± SD. Manual counting through an optical microscope 
from leukocyte fractions of "normal" and type II diabetic blood collected via trace element 
v . TM M l I B' I D u . . fS G Ｇｬ､ｾ＠ d UK acutamer . o ecu ar 10 Of!Y epartment, mversdy o urrey, Ul or , . 
Cell Fraction 
Normal blood Type II diabetic blood 
Neutrophils*(%) 
Lytnphocytes11 (%) 
Monocytes11 (%) 
Eosinophils* (%) 
Basophils* (%) 
Erythrocyte 
PMN (granular) yield(%) 
PBMC (agranular) yield(%) 
* 
# 
granular 
a granular 
Conclusion 
PBMC layer 
(10.3 ± 2.8)% 
(45.1 ± 3.5) 
(37.7 ± 2.9) 
(1.7 ± 1.1) 
(3.5 ± 1.3) 
(1.7 ±0.3) 
(15.5 ± 3.3) 
(82.8 ±4.5) 
PMNlayer PBMClayer PMNlayer 
(88.2 ± 1.2)_ (47.2 ±3.2) (84.3 ± 1.2) 
J3.7 ± 1.3)_ (30.0 ± 3.8) (9.7 ± 3.2) 
(3.3 ± 0.7) ( 18.9 ± 3.8)_ (2.1 ±4.0) 
(3.3 ±0.7) (1.2 ± 0.0) (2.5 ± 0.7) 
(0.4 ± 0.0) (2.0 ± 0.8) (0.5 ± 0.1) 
(1.0 ±0.1) (0.7 ±0.4) (1.0 ±0.4) 
(91.9 ± 1.4) (50.4 ± 3.3) (87.2 ±1.4}_ 
(7.1 ± 1.5) (48.9 ±5.4) (11.8 ± 5.1 
The automated cell counting was extremely problematic, providing results that were 
incorrect. Manual counting although extremely time-consuming provides more 
credible data. Excellent separation of PMN was shown in both diseased and non-
diseased blood; PBMC yields however, highlighted the difficulty in separating this 
cell layer from other sub fractions from blood of patients with type II diabetes. 
Care should be taken to assess the erythrocyte contamination, determined here as 
being very low, which may influence results if not maintained at a low level. 
The recovery yields of these separations using the density media Polymorphprep™ 
will be made use of when quantifying future results. 
9.2 Preliminary Evaluation and Elemental Concentration 
of Leukocytes of "Normal" Blood 
Published work on the elemental concentration of leukocytes and the subfractions: 
polymorphonuclearcytes (PMN) and peripheral blood monocytes (PBMC) 
leukocytes has been limited and therefore the expected elements and the 
concentrations in these cells unknown. Consideration was given as to whether either 
of the analytical techniques, INAA or PIXE analysis would be capable of detecting 
the elements in the cells, which is expected to be very low. 
136 
Results and Discussion - Leukocytes 
As mentioned leukocyte concentration is quoted in units of )lg 109 cells-1 and not per 
weight, see 6.3.1 for leukocyte concentration calculations. All analysis was 
conducted on "normal" blood. 
All elements were quantified by the "comparative method", see 5.1.8 using the 
reference materials or single element standards indicated. 
An example of concentration calculation via the comparative method and 
propagation of error calculation for one sample can be found in Appendix I. 
Sample and standard preparation 
Leukocyte subfractions, polymorphonuclearcytes and peripheral blood monocytes 
were separated, prepared and pipetted directly into pre-cleaned polyethylene 
irradiation capsules for INAA, see section 6.2. 
Bowen's Kale and Standard Reference Material, Bovine Liver (SRM) NIST-1577b 
were prepared as pellets and fixed onto plates as described in 6.6 and used for 
comparative analysis as calibration factors. Duplicate pellets of the Bowen's Kale 
and SRM were analysed. 
In addition "single element" Se standard solutions with masses of 10, 25, 50 J..tg were 
pi petted directly into pre-cleaned polyethylene irradiation capsules. 
Experimental analyses, set-up and irradiation conditions 
INAA irradiation time (ti) 90 seconds 
One-shot CAS (pseudo) system waiting time (tw) 2 seconds 
counting time (tc) 90 seconds 
INAA irradiation time (ti) 19 seconds 
One-shot CAS (pseudo) system waiting time (tw) 2 seconds 
counting time (tc) 19 seconds 
INAA irradiation time (ti) 300 seconds 
ICIS system waiting time (tw) 120 seconds 
counting time (tc) 300 seconds 
i) One-shot CAS (pseudo) was used for the initial set of measurements and detection 
of various short-lived nuclides. If better detection limits were required the process 
could be repeated by reloading the sample for re-irradiation, therefore giving 
cumulative counts when added to the first experiment. For further explanation of the 
irradiation systems see 5.1.4. 
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ii) A second set of tneasurements selected particularly for detection of 77mSe Ｈｴｾ＠ = 
17.6 seconds) was also can·ied out on the CAS system. 
iii) The· ICIS system was used for detection of relatively longer-lived nuclides e.g. 
56Mn Ｈｴｾ＠ = 2.58 hours). 
Results and Discussion 
The elements shown in Table 9 .2.1 were quantified and are indicative of their range 
of concentrations in the subfractions. Apart from Mg, Se and Mn other elements 
detected using ICIS irradiation, some of which are shown in Table 9 .2.2 included Al; 
Cl, V, Rb, Mo and I. 
Table 9.2.1: Concentration of elements in leukocyte subfractions: polymorphonuclearcytes 
(PMN) and peripheral blood monocytes (PBMC) ft·om "normal" subjects following CAS and 
ICIS irradiation, n = 10. 
PBMC 
Element Concentration range Mean±SD (Jig 109 cens-1) (J.lg 109 cens-1) 
*Mg 2.21 - 5.45 3.28 ± 1.42 
t'se 4.7-7.0 5.9 ±0.8 
xMn 0.04-0.66 0.36 ±0.26 
* CAS irradiation conditions: ti = 90s, tw = 2s, tc = 90s 
11 CAS irradiation conditions: ti = 19s, tw = 2s, tc = 19s 
x ICIS irradiation conditions: ti = 300s, tw = 120s, tc = 300s 
PMN 
Concentration range Mean±SD 
(Jig 109 cens-1) (J.lg 109 cens-1) 
0.89- 1.82 1.41 ±0.40 
2.2-4.4 3.2 ± 1.1 
0.07-0.23 0.12 ±0.07 
Table 9.2.2: Concentration of additional elements in leukocyte subfractions: 
polymorphonuclearcytes (PMN) and peripheral blood monocytes (PBMC) from "normal" 
subjects followiJ:!g ICIS irradiation _(element not detected in all samples)_, n = 10. 
PBMC PMN 
Element Concentration range Mean±SD Concentration range Mean±SD (Jig 109 cens-1) (J.lg 109 cens-1) (J.lg 109 cens-1) (J.lg 109 cens-1) 
v 0.06-0.24 0.14 ±0.08 0.01-0.12 0.07 ±0.05 
Rb 11 -77 40 ± 31 4.2- 15 9.4 ± 7.2 
I 2.2- 5.3 3.0 ± 1.3 0.7-5.9 2.8 ±2.2 
!CIS itTadiation conditions: ti = 300s, tw = 120s, tc = 300s 
From Table 9 .2.1, it can be seen that the concentration of Mg, Se and Mn is greater 
in the PBMC leukocyte subfractions than in the PMN fraction. This also holds true 
for the calculated values ofV, Rb, and I, see Table 9.2.2 . 
. Magnesium (Mg) is needed for bone, protein, and fatty acid formation, making new 
cells, activating B vitamins, relaxing muscles and clotting blood. Insulin secretion 
and function also requires magnesium. Mg is nature's calcium channel blocker and 
also plays an important role in a variety of physiological processes, acting as a 
cofactor for many enzymes. Magnesium concentration is easily determined in 
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plasma; however, this represents less than 1 % of the total body content and it 
provides little information to concentrations of intracellular tnagnesium or muscle. 
Mg is ｲｾｰｯｲｴ･､＠ to be predominately intracellular with interaction between this 
element and glucose [Zar98]. More reliable data [Mar93] [Lou95] is obtained from 
homogeneous groups of PBMC and PMN with a wide range of normal results, these 
showed good agreements from these groups of cells. 
The detection of selenium in both of these leukocyte subfractions is particularly 
promising. Se is known to have a significant influence on the function of the immune 
system and is a key antioxidant and part of the gluthathione peroxidase reducing 
lipid that protects against membrane destruction [Alb98]. The development and 
advancements of diabetes and coronary artery disease is thought to be promoted by 
selenium deficiency [Alb98] [Leu98]. 
Mn is part of the superoxide dismutase free radical scavenging enzymes and is 
reported in all cells. Mn also helps in blood sugar control, providing support to the 
pancreas directly or to the cells receiving the sugar. 
Conclusion 
The results, irrespective of the type of BD Vacutainer™, final washing solution used 
and the type of leukocyte analysed, showed evidence that elements were detectable 
using short-lived INAA. Overall the findings from the three sets of experiments were 
encouraging, with Mg, Se and Mn identified reliably. 
9.3 Further Evaluation of Leukocytes of "Normal" Blood 
- Problems with RBS Analysis 
The analysis of leukocytes using PIXE analysis and the routine software gave 
incorrect results. The evaluation of leukocytes and the investigation of new fitting 
software was employed to determine its capabilities of fitting inhomogeneous, 
multilayered samples thereby allowing quantification of all elements by the 
"absolute method". 
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Sample and standard preparation 
Leukocyte subfractions, polymorphonuclearcytes and peripheral blood monocytes 
were separated, prepared and pipetted onto Mylar film for PIXE analysis, see 6.2. 
Reference material Bowen's Kale was used for Quality Assurance purposes and 
prepared as pellets and fixed onto the aluminium sample plates, previously described 
in6.6. 
Experimental set-up and irradiation conditions 
PIXE analysis proton beatn energy 
beam diameter 
typical beam current 
counting period 
magic filter - acrylic 
scan area 
Si(Li) detector distance 
Surface barrier detector distance 
Results and Discussion - Dan32 
3.0MeV 
8 J.tm 
700pA 
45-55 minutes 
thickness -750 J.tm 
hole fraction- 0.03 
2.5 mm x 2.5 mm 
25tnm 
50mm 
To determine meaningful concentrations using the "Q factor" [Gri96] tnethod an 
accurate simulation of the RBS spectrutn must be achieved. Providing this 
sitnulation is possible and geometry and detector parameters are well-determined 
then routine standardless analysis is achievable. However, there are known 
limitations to this method of calculation [Gri95]: 
i) sample too complex to simulate RBS spectrum (i.e. multilayered, rough surface). 
ii) satnple or layer in satnple is thin (RBS spectrum peak widths are detennined by 
energy resolution of detector not by sample thickness). 
iii) sample matrix contains numerous heavy elements in unknown ratios (RBS code 
cannot solve contribution from individual elements and consideration of the PIXE 
specttum may be necessary). 
iv) sample contains light elements (for which the scattering cross-sections, included 
in the software are non-Rutherford, uncertainties occur in program). 
In the above cases accurate PIXE determination cannot be carried out. All biological 
samples contain both heavy and light elements. 
Subsequent to numerous attempts at RBS sitnulation within Dan32, see 5.2.11 and 
hence trace element concentration determination using PIXE analysis, it became 
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apparent and was established that PBMC and PMN did not lend themselves to the 
"Q factor" method of calculation. Even though this method was developed to give 
some consideration to the inhomogeneous nature of samples, the leukocyte samples 
were significantly too complex for RBS simulation using this software [Adm06]. 
Figure 9.3.1: Elemental distribution maps determined by PIXE scanning (area= 2.5 mm x 2.5 
mm) of chlorine and iron respectively from a polymorphonuclearcyte (PMN) sample obtained 
from the OM_DAQ data acquisition system [Gri95]. More bright areas of the maps represent 
an increased elemental mass. 
Figure 9.3.1 clearly gives an indication to the non-uniform drying of the samples, i.e. 
lack of homogeneity and the rough surfaces of the samples, the bright shaded areas 
of the elemental maps represent a higher total count and therefore an increase in 
elemental mass. They appear to be neither "thick" nor "thin" samples but a 
combination of both. Unfortunately the composition of these leukocyte fractions 
were unknown and appeared possibly multi-layered, with each layer potentially 
containing differing elements at varying concentration. Defining a sample is an 
important factor when using Dan32 software due to the consideration of stopping 
power and attenuation of elements in the sample. 
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Figure 9.3.2: Rutherford Backscattering spectrometry (RBS) simulation determined by Dan32 software of a polymorphonuclearcyte (PMN) sample. The poor 
simulated fit is shown in the upper graph and the "Q factor" ratio in the lower graph. 
Results and Discussion - Leukocytes 
These issues caused extensive complications in the RBS analyses of the leukocyte 
subfraction samples with the Dan32 software. Defining each sample composition 
and thickness was an estimate resulting in unsatisfactory simulation of the RBS 
spectra. Figure 9.3 .2 illustrates the RBS fit assigned by Dan32 of a PMN sample; the 
simulation clearly shows a less than satisfactory RBS fit because of this fit the "Q 
factor" value of 4.774 becomes physically meaningless. 
Analyses continued and PIXE elemental concentrations calculated via the Dan32 
GUPIX [Max95] interface. As anticipated due to the inadequate RBS fit of the 
spectrum, these concentrations were unrealistically high. 
Results and Discussion - IBA DataFurnace 
To try and get round this problem of identifying the major element composition of a 
potentially multi-layered, inhomogeneous sample, its thickness and the collected 
charge, a code designed to automatically extract elemental depth profiles from ion 
beam analysis data was examined. This code, "IBA DataFurnace" [Bar97] see 
5 .2.11, as yet does not support PIXE analysis but it was anticipated that it would 
provide the necessary data required to continue with element determination of the 
samples using Dan32 as the interface to the GUPIX program. 
As both the charge and major elemental composition were unknown an initial 
starting point was problematic. One sample RBS spectrum was chosen and trial 
fitting began using various elements. An estimated charge was used (i.e. height of 
peaks and edges) along with possible elements present; at this point molecules were 
not considered. While this proved to be informative, an accurate fit even on this one 
sample was not achieved, the spectrutn was judged to be too complicated for initial 
fitting on this sample. Therefore a more simple spectrum was re-created using 
OM_DAQ, by masking out various areas of the sample's elemental map. The fitting 
procedure was then repeated with new structure files and estimated charges. Once a 
visually acceptable fit was achieved, molecular composition, elemental or molecular 
concentration and depth ranges were considered creating further structure files in 
order to perfect the fit of the spectrum. This new information was fed back into the 
original "full" RBS spectrum and the fitting repeated once again. A separated 
element spectrum and best structure graph for each sample, provided by DataFumace 
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allowed these final adjustments of elemental depth, concentration and charge to 
obtain an excellent RBS fit of the sample. 
Table 9.3.1: Geometry and structure file used by DataFurnace to simulate a 
polymorphonuclearcyte (PMN) RBS spectrum. Note the importance of using precise set-up 
parameters in the geometry file to obtain an accurate simulation. 
Geometry file ( a2., eo) 
6 Surrey data fmmat 
50 400 Region of interest 
H H Incident and detected beam 
3060 3060 keV 
17 FWHM energy resolution (ke V) 
comell Geometry 
0 150 Angle of incidence, scattering angle 
20 Detector solid angle (msr) 
7.4014 128.6 Energy calibration- gain (keV) per channel, energy at channel 0 (keV) 
C CNR.dat Rutherford cross-section data for C 
N NNR.dat Rutherford cross-section data for N 
0 ONR.dat Rutherford cross-section data for 0 
Na NaNR.dat Rutherford cross-section data for Na 
Cl ClNR.dat Rutherford cross-section data for Cl 
chu 1.5 1.5 times larger than chu values (straggling) 
pile 0 Pile-up parameter (system time resolution) 
Structure file (lucolle;2.str) 
500 Minimum layer thickness 
4 Number of elements 
C 8 N .6 0 4.5 Molecule #1 
500 700000 Minimum and maximum depth 
0 1 Concentration 
Na 1.35 Cl1 Molecule #2 
500 50000 Minimum and maximum depth 
0 1 Concentration 
C Element 
0 2000 Minimum and maximum depth 
0 1 Concentration 
H Element 
5000 500000 Minimum and maximum depth 
0 1 Concentration 
The geometry and structure files for the sample used, see Table 9.3 .1 is shown along 
with the simulated fit (with separated element spectra) and best structure graph for 
the sample provided by DataFumace, see Figure 9.3.3. Note that DataFumace is a 
depth profiling code and in order to develop it as a technique to determine elemental 
composition of multi-layered samples "manipulation" of the simulations occurred. 
For example, hydrogen was incorporated into the structure layer as an invisible 
element to simulate the effect of having a transmission sample with variable 
thickness. 
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Figure 9.3.3: Rutherford Backscattering spectrometry (RBS) simulation with separated element 
spectra and structure graph provided by DataFurnace of a polymorphonuclearcyte (PMN) 
sample. 
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After extensive 1nodiflcation of the structure files and collected charge an excellent 
simulated fit was achieved. The resulting profile file, see Table 9.3.2 shows a vast 
amount of sample and experimental information e.g. number of sample layers, layer 
composition, layer thickness and the collected charge. 
Table 9.3.2: Profile file provided by DataFurnace of a polymorpbonuclearcyte (PMN) sample. 
The IBA Data Furnace v7.8c 31Jul03 run 05 
Any public outcome using these results must cite 
N.P. Barradas, C. Jeynes, R.P. Webb, Appl. Phys. /04/2004 23:54:29 
Filename: Zm107.res Lett. 71 (1997) 291. 
Used ZBL stopping powers. Should cite J. F. Ziegler, J.P. Biersack, U. Littmark 
Stopping and Ranges of Ions in Solids (Pergamon, New York, 1985). 
Batch Zm11.spc structure luco 11g2.str. The data switches were: 
Isotopic distribution was used. 
Data was not smoothed. 
File: 224023R1.TXT: 1024 ch, single col. Geometry file a2.geo 
Compressed to 512 channels, pileup correction factor O.OOOOE+OO 
Detector FWHM 17.00 keV, Chu straggling. Scaling factor 1.500 
RBS: 3060 keV H ROI= 50+ 16:400 
Cotnell geometry: angle of incidence= 0.00, scattering angle= 150.00 
E = 7.4014 ch + 125.62 keV, Charge= 1.485 uC, Omega= 20.000 msr 
Non-Rutherford cross section for C in file CNR.dat 
Non-Rutherford cross section for N in file NNR.dat 
Non-Rutherford cross section for 0 in file ONR.dat 
Non-Rutherford cross section for Na in file NaNR.dat 
Non-Rutherford cross section for Cl in file ClNR.dat 
Partial chisquared 0.4163E+02 
The simulated annealing parameters were: 
Custom cooling: TO =0.3623E+05, Tf=0.6814E+OO, Cooling factor:0.567 
Maximum number of functions proposed at each T: 6950 
The fit assigned 10 layers. The composition was: 
density (at/cm3): 8.57707 2.82994 11.36400 4.27100 
Layer t(at/cm2) t(nm) r(at/cm3) C8N.604.5 Na1.35Cl C H 
1 552.25 48.60 1.36 0.0000 0.0000 100.0000 0.0000 
2 1061.82 105.59 10.06 5.2883 13.6010 81.1107 0.0000 
3 5208.92 607.31 8.58 100.0000 0.0000 0.0000 0.0000 
4 23207.94 2765.74 8.39 96.6543 2.8988 0.0000 0.4468 
5 19727.97 2415.06 8.17 92.6308 6.3156 0.0000 1.0537 
6 108883.71 18214.60 5.98 39.6377 0.0000 0.0000 60.3624 
7 40062.36 7368.20 5.44 27.0826 0.0000 0.0000 72.9174 
8 62661.63 12274.33 5.11 19.3702 0.0000 0.0000 80.6298 
9 55849.99 11874.54 4.70 10.0403 0.0000 0.0000 89.9597 
10 171305.72 38843.11 4.41 3.2326 0.0000 0.0000 96.7674 
Total amount (at/cm2): 0.123E+06 0.206E+04 0.141E+04 0.362E+06 
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Once the parameters from one sample had been established, one may be tempted to 
apply these parameters to all other samples. However, this was not the case with 
each sample because they each had a varying composition and thickness. Therefore 
structure files, charge etc had to be re-established for each sample. 
The composition (total amount at/cm2) and collected charge for each sample, 
determined by DataFumace and shown in the profile file was used to define each 
sample then transferred to GUPIX, using Dan32 as the interface. Dan32 and hence 
the GUPIX software was ran to calculate elemental concentration. 
Table 9.3.3: Elemental concentration (J.Lg g-1) of polymorphonuclearcytes (PMN) and peripheral 
blood monocytes (PBMC) from a subject at pre- and post-operative timepoints of CABG 
surgery. RBS determined by DataFurnace [Bar97], elements determined by GUPIX [Max95], n 
=1. 
Element Concentration at timepoints (J..Lg g-1) ± SD 
Polymorphonuclearcyte Peripheral blood monocyte 
pre-operative 12-24hrs post-op pre-operative 12-24hr post-op 
Na 29233 ± 88 3818 ±34 12859 ±77 7010 ± 63 
Mg 58.2 199.3 ±8.4 175.0 ± 17.3 278.9 ± 13.1 
AI 46.4 ± 8.6 55.1 ±4.4 79.7 ± 6.8 63.0 ± 6.6 
Si 26.4 9.0 157.6 ± 7.9 81.2 ± 7.6 
p 3959 ± 12 2998 ±6 3423 ±7 3853 ±8 
s 79.9 1938 ± 17 1397 ± 18 1821 ± 18 
Cl 62823 ±25 10623 ±11 24729 ±25 20899 ±21 
K 2305 ±7 1822 ±4 1922 ±4 3258 ±3 
Ca 230.0 ± 6.9 129.0 ± 3.7 230.3 ±4.6 144.0 ± 5.9 
Cr 1.6 0.73 ±0.21 0.64 0.59 
Fe 5.60 ±0.30 6.20 ± 0.12 9.80 ±0.20 10.00 ±0.17 
Ni 0.58 ± 0.20 0.51 ±0.07 0.41 ±0.11 0.38 ±0.09 
Cu 7.10 ±0.26 3.90 ±0.10 5.90 ± 0.15 4.40 ±0.12 
Zn 6.20 ±0.25 23.20 ± 0.21 19.30 ± 0.25 32.20 ±0.29 
Se 0.34 0.32 ±0.08 0.46 ± 0.12 0.24 ±0.11 
Br 4.80 ± 0.33 1.30 ±0.10 1.90 ± 0.18 2.30 ±0.17 
Rb 1.0 2.00 ± 0.18 0.35 3.60 ±0.26 
Sn 484.10 ±0.00 210.80 ± 0.00 252.80 ± 0.00 216.10 ± 0.00 
I 15.90 ±9.02 18.60 ±4.07 28.80 ± 6.19 45.10 ±4.74 
italic minimum detection limit ＨＳｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [Max95] 
Table 9.3.3 displays trace element concentrations determined via the "absolute 
method" for polymorphonuclearcytes and peripheral blood monocytes from one 
subject at pre-operative and 12-24 hours post-operative timepoints only. The 
detection limit varies due to changes in matrix composition. Overall the major 
elements correspond to the PIXE spectra and sodium and chlorine values obey the 
sodium chloride ratio showing that DataFumace was able to simulate a RBS 
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spectrum and provide the measurements required to establish trace element 
concentrations in multi-layered PBMC and PMN. Elements detected were Na, Mg, 
Al, Si, P, S, Cl, K, Ca; Cr, Fe, Ni, Cu, Zn, Se, Br, Rb, Sn and I. There are differences 
between the trace element concentrations pre- and post operatively and with respect 
to the two types of cells. This work was carried out primarily to investigate the 
development of the Ion Beam Analysis (IBA) DataFurnace code for PIXE analysis 
and at present it is not acceptable (due to limited patient numbers) to suggest any 
trends with respect to concentration, timepoints or variations with type of cell. 
Conclusion 
While statistical interpretation cannot be made at this time the elemental 
concentrations determined from DataFurnace showed some very interesting results 
highlighting the need for further work in this area. 
This work has shown that DataFumace, provided the parameters of the experimental 
set-up are well known, calculated more accurate fits of the RBS spectra for the 
polymorphonuclearcytes and peripheral blood monocytes samples compared to 
Dan32 and the "Q factor" method. The ability of this software to depth profile RBS 
spectra allowed the identification of major elements in multi-layered and 
inhomogeneous samples, essential criteria in PIXE analysis. 
Up until now IBA DataFurnace has not been designed to implement simulated 
annealing for PIXE data [Jey03]. This study now shows the feasibility of the IBA 
depth profiling code and the development of the DataFumace technique in modelling 
a RBS spectrum prior to performing PIXE analysis. 
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Chapter 10 Conclusions 
The extent at which type II diabetes is increasing globally is cause for great concern 
and is quickly growing into an epidemic [Gro99]. Type II diabetes along with 
coronary heart disease are becoming the fastest growing diseases worldwide. The 
association between type II diabetes and coronary artery heart disease is now well 
established, with type II diabetes increasing the risk of heart disease four fold 
[HafOO] and cardiovascular disease being a major cause of mortality among diabetic 
patients [Bal99]. Coronary heart disease is one of the country's biggest killers with 
this country having one of the highest death rates in the world [DoH99]. In 
cardiovascular heart disease, Coronary Artery Bypass Grafting (CABG) surgery is a 
common surgical procedure used to re-route blood, caused by blocked arteries, to the 
heart. 
The prevalence of these diseases and the expense they put on society make 
combating these diseases an important precedence in any countries health system. 
Elements play a large part in maintaining well-being, they have essential roles in 
biochemical metabolism, enzyme activity and more recently they are known to 
possess anti-oxidant properties. It is this range of elements maintained at a finely 
tuned equilibrium that achieves optimum health. Internal and external parameters are 
known to affect elemental levels in the body and an imbalance of these levels can 
cause or indicate disease. The study of trace element metabolism is greatly valued as 
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it provides insights into understanding mechanisms for preventative, diagnostic and 
therapeutic purposes. Both type II diabetes and heart disease are highly influenced 
by the body's elemental concentrations the extent of which are still unknown. Type 
II diabetes and trace elements have indicated insulin resistance and release and have 
shown without a doubt, to play an exceptionally large part on the influence of 
cardiac heart disease, indicating that type II diabetes must be researched alongside 
the coronary artery bypass surgical procedure. There are conflicting reports on trace 
element analysis in both CHD and diabetes fields; but it is an important area of 
investigation. 
The research involved determining elemental concentration in blood fractions e.g. 
erythrocytes and in particular the leukocyte fractions, peripheral blood monocytes 
(PBMC) and polymorphonuclearcytes (PMN) from coronary artery bypass grafting 
(CABG) patients with and without type II diabetes. The main focus of my work was 
to develop a feasibility study with the purpose of investigating whether the detection 
of trace elements and determination of their concentrations in the two main types of 
leukocytes subfractions were possible by using the analytical techniques of 
Instrumental Neutron Activation Analysis (INAA) and Proton Induced X-ray 
Emission (PIXE) analysis. 
Two main challenges arose: 
i) determination of a viable separation method for leukocytes as free from 
contamination as possible using density gradient media as the separation 
technique. 
ii) accurate analysis of leukocyte samples to allow determination of the 
elemental concentration. 
Blood fractions were selected for analysis focusing on the analysis of leukocytes as 
these cells defend the body against infecting organisms and foreign agents, therefore 
aiding in immunity and immune response. It was anticipated that analysis of 
leukocytes from patients undergoing CABG surgery may provide information to 
suggest the causes of the complications of surgical intervention, due to the diverse 
lifespans of these cells and the reduced susceptibility to immediate environmental, 
diet or lifestyle changes. By extending the research to include several pre-, during 
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and post-operative times, it was intended to model details of the short-term 
complications of coronary artery bypass grafting surgery. Trace element 
identification, concentration and distribution in the cells as well as trace element 
alterations would allow study of the inflammatory response and other features from 
patients who undergo CABG surgery. 
The radioanalytical techniques INAA and PIXE analysis are powerful tools for 
determining trace elements in biological samples and used here as complementary 
and competitive techniques to determine the elemental concentrations of both 
erythrocytes and leukocytes. In order to obtain reliable results a certain amount of 
intense and persistent endeavour was required. 
Blood was collected pre-, during and post-operative coronary artery bypass grafting 
surgery and information regarding the patient's medical history, intra-operative 
factors and post-operative factors was collated. Medical history, medication and 
operative procedures can influence elemental concentration however; correlation or 
statistical interpretation of data was not feasible because of small patient numbers. 
PIXE analysis was performed using the University of Surrey's tandem accelerator, it 
is a newly acquired system less than 2 years old and before any accurate analysis 
could be performed it was necessary to validate and standardise the system for PIXE 
analysis using a proton microbeam. Several reference materials were analysed under 
different conditions and energy calibration factors determined. These calibration 
factors (H-values) will be added to a GUPIX database cunently under development 
in Dan32 and used to describe the PIXE analysis system when determining elemental 
concentrations. These validation experiments highlighted that the accelerator system 
for PIXE analysis was not well characterised and at this time absolute concentration 
values cannot be determined. 
Having calculated calibration factors, one of the first experiments performed on the 
accelerator was the elemental concentration of erythrocytes. The elements 
phosphorous, sulphur, chlorine, potassium, calcium, iron, copper, zinc, bromine and 
rubidium were detected reliably and pre-operative elemental concentration values 
were found to be "different" from patients undergoing CABG surgery. The elements 
sulphur, chlorine, iron and in particular calcium all exhibited higher concentrations 
prior to surgery compared to subjects not undergoing heart surgery. 
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S plays a role in carbohydrate metabolism and is a component of insulin and recently 
S has been proposed as a second-generation reactive species [GilOl]. All three of 
these features are particularly critical in the pathogenesis of CHD and type II 
diabetes. 
All Cl concentrations were above quoted literature values, except subject 2, which 
was considerably lower. Low Cllevels result in low acid concentration in the blood 
and a low intrinsic factor. The medical history of subject 2 identifies that patient as 
having a positive Base Excess (metabolic alkalosis) and anaemia. 
A decrease in Fe stores delays the onset of atherogenesis and can affect the immune 
system [W al98]. High iron content in erythrocytes was seen in all patients prior to 
CABG surgery. Elemental concentrations were normalised to the pre-operative 
timepoint and the increase in Fe value 12-24 hours post-operatively by subject 2 was 
verified by the medical history indicating that iron therapy was given for anaemia. 
Ca promotes blood clotting and activates the protein fibrin and high calcium content 
is associated with vascular degeneration. All subjects had pre-operative 
concentrations approximately ten times greater than normal subjects. 
With a larger database these findings may have implications rn preparation 
procedures for and during the surgery, in recovery of the patient and in aftercare. 
A comparison of the two analytical techniques, INAA and PIXE analysis was made 
by comparing the elemental concentrations through the surgical timepoints from the 
same erythrocyte samples. The comparison displayed excellent linearity between the 
two techniques for the elements Cl, K and Br, PIXE analysis consistently read 20-
40 % higher than INAA for these elements. The variations in concentration through 
surgery timepoints were found to be comparable for the elements chlorine, potassium 
and bromine. 
As the research advanced and investigation of smaller samples (PBMC and PMN) 
with lower concentration became necessary, the requirement for lower detection 
limits was evident. For PIXE analysis and especially microPIXE there was and still 
is an issue of a suitable reference material for quality assurance. PIXE analysis 
demonstrated with elemental maps, the lack of homogeneity within many reference 
materials and samples. The reference material Bowen's Kale and the erythrocytes 
analysed exhibited good homogeneity throughout the samples while other reference 
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materials did not. This lack of homogeneity caused extensive problems especially in 
the analyses of leukocyte fractions. 
The determination of leukocyte elemental concentration is relatively new territory 
and research and published literature regarding the elemental content in leukocyte 
subfractions were extremely limited. All literature researched with respect to PMBC 
and PMN showed trace element concentration determined via chemical analytical 
methods and until now no trace element concentrations via INAA or PIXE analysis 
have been determined. 
Separation of these fractions, free from elemental contamination was the initial work 
and proved to be a lengthy part of the research. Initial analysis of leukocytes from 
"normal" subjects was performed by INAA to verify a contamination free technique 
and to elucidate any issues brought about by the use of collection vessel and washing 
media. Results showed that a collection vessel and method of separation suitable for 
elemental detection was established. Elements detected reliably in PBMC and PMN 
by INAA were Mg, Se and Mn with a greater concentration detected in PBMC's. 
Other elements detected included V, Rb and I. 
An experiment to determine the recovery yield of the leukocyte fractions, separated 
by density gradient media, was performed to allow accurate quantification of the 
leukocytes. 
PIXE analysis was also carried out on leukocytes to establish a wider spectrum of 
elements, especially the elements playing an important role in coronary heart 
disease, type II diabetes and coronary artery bypass grafting surgery, for example Fe 
and Zn. The requirement for PIXE analysis on "thin" samples meant that the 
leukocyte fractions after several preliminary experiments had to be prepared in a 
different manner. The scanning of the purified subfractions and subsequently the 
elemental maps produced by OM_DAQ in PIXE analysis highlighted these samples 
as being inhomogeneous in nature. The initial PIXE analysis software, Dan32, 
proved inadequate in simulating the RBS spectra and so other means of analysing the 
spectra were investigated. 
DataFumace, a depth profiling code used in RBS analysis was implemented to test 
its suitability in fitting the RBS spectra from the PMN and PBMC. Major elements 
were established and the matrix composition achieved from the RBS spectra before 
further determination of elemental concentration commenced. 
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Success in the development of DataFumace, never previously utilised for this means, 
meant that elemental values from the PIXE spectra of the leukocytes subfractions 
were achieved. 
10.1 Future Work 
Research shows that it would be advantageous to continue investigation into 
elemental composition and concentration of blood fractions in relation to CABG and 
type II diabetes. However, in future years this will become more difficult. Ethics 
concerns have meant that the acquisition of biological material is continually being 
questioned and minimised. For this reason when collecting blood for the 
erythrocytes and leukocyte samples enough volume was also collected to allow 
separation and preparation for whole blood and plasma samples. 
To increase our knowledge about the effect that trace elements have on surgical 
intervention and rate of recovery, it would be beneficial to analyse blood collected at 
extended post-operative timepoints, possibly at two and five days post-operatively. 
The majority of patients leave hospital from the fifth day post-operatively and blood 
collection at these timepoints were initially intended in my research, although not 
implemented, as the feasibility of collecting, separating, preparing and analysing 
such a large number of samples especially leukocytes was not logistically or 
financially viable. It would involve collaboration with other doctors as these patients 
have now been transferred to other hospital wards or released, to possibly return at 
later dates. 
Literature reports that many patients who undergo aortic surgery have post-operative 
long-term complications, their recovery is neither as rapid nor to the same level as 
patients who undergo other types of surgery. The systemic inflammatory response 
(SIR) is assumed to be one of the factors that cause cerebral dysfunction post CABG 
surgery [Smi96]. It would be informative to gain elemental data longer term and 
would require collaboration with the consultant surgeon who assesses the patient at 
this stage and with the outpatient department. Often patients do not attend out patient 
appointments and if patients are recovering satisfactorily then there is often no need 
for them to visit the hospital after 3 months. 
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It is valuable to identify patients at a high risk for prolonged Intensive Care Unit 
(ICU) stay, as this prolonged ICU stay is associated with poor patient outcome and 
increased hospital costs. A significantly reduced association with prolonged ICU 
stay was identified with off-pump coronary artery bypass grafting [Buc04]. In the 
last five years off-pump coronary artery bypass (OPCAB) surgery has become an 
increasingly common procedure, therefore it would be of value to collect biological 
samples and to determine the elemental concentrations at various timepoints from 
patients who undergo OPCAB surgery. The systemic inflammatory response (SIR) is 
promoted in CABG surgery and activation of polymorphonuclearcytes (PMN) is a 
vital step in inflammation and results in PMN capture within tissue. OPCABG has 
the advantage of reducing the SIR, as activation ofPMN is lower [Alr03]. 
Due to its growth of,....., 1 Omm per month hair is a useful material for determination of 
trace elements over longer chronological periods and may indicate trace elemental 
concentrations and the variations over a longer time period. With PIXE analysis it is 
possible to scan down the length of the hair shaft and determine the variation in 
elements concentration with respect to time. It is also possible to probe over the 
cross-section of the hair shaft. 
To continue with quality assurance of the system and to obtain accurate 
quantification of elements using PIXE analysis, sourcing of suitable reference 
materials, homogeneous in nature is fundamental. Validation of the PIXE micro beam 
line highlighted that the characterisation of detector distance and modelling of the 
"magic" filter must be attended to. 
In the last few months the University of Surrey has installed at the accelerator an 
external proton micro beam. Due to the delicate nature of the leukocyte samples and 
their susceptibility to damage in a vacuum, . it may be advantageous to consider 
analysis using this external method where a vacuum is not required. 
A contamination free method has been developed for the separation and preparation 
of PBMC and PMN and spectral analysis and elemental concentration has been 
achieved. The next stage would be to analyse the remaining samples and to continue 
collecting and analysing a greater sample number so that statistical interpretation and 
possible indications to disease can be obtained. 
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To bring to a close, the research has reviewed blood collection vessels and the 
effect of washing solutions on sample analysis and has gone a long way in 
substantiating the question of finding a reliable contamination-free technique to 
separate different types of leukocytes and to develop an accurate method of 
analysing these biological materials mainly leukocytes thereby allowing 
elemental analysis of the fractions. 
The magnitude of coronary heart disease (CHD), coronary artery bypass 
grafting (CABG) surgery and type II diabetes with their consequences to 
human health and society over the next decade is a serious matter for 
consideration and concern. 
There is one thing that should not be a controversy: we should spend as much 
energy applying what we do know about prevention, as we do debating what we 
don't know. 
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Appendix I - Calculation of Concentration and 
Propagation of Error 
Concentration calculation via the comparative method [Alf94] 
(act82 xm82 -ctsBL)+m82 h 
{ ) X COnCSTD X S2 
R = concsz = \actsTD x msTD- ctsBL + msTD 
concst (actst x mst - ctsBL )+ mst h 
( ) 
X COnCSTD X Sl 
actSTD X mSTD- C[SBL + mSTD 
R = (actsz x msz - ctsBL )+ msz x hsz 
(actst x mst - ctsBL )+ mst x hst 
where: R ratio (normalisation) 
(1.1) 
(1.11) 
concs1 = concentration of element in pre-operative sample 
(mg L-1) 
concS2 = concentration of element in early bypass sample 
(mg L-1) 
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actS2 
C!SBL 
actsrn 
ms1 
msrn 
concsrn= 
hs1 
hs2 
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activity in full energy photopeak of interest in pre-
operative sample (cps mg-1) 
activity in full energy photopeak of interest in early 
bypass sample (cps mg-1) 
counts in full energy photopeak of interest in blank 
capsule (cps) 
activity in full energy of interest in certified reference 
material (cps mg -l) 
mass of pre-operative sample (mg) 
mass of early bypass sample (mg) 
mass of certified reference material (mg) 
concentration of element in certified reference material 
(mg kg-1) 
hydration factor of pre-operative sample (kg L-1) 
hydration factor of early bypass sample (kg L-1) 
Error propagation calculation [Tay97] 
for multiplication and division: for addition and subtraction: 
Error= ｾＨｳ｡ｙ＠ + (cb Y 
where: 8 fractional error 
e = absolute error (i.e. SD) 
Referring to equation (I.I), propagation of error for conc82 only is such: 
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1 
2 
(acts2ms2 -ctssiY (
!J.ms2 J2 + -- + 
ms2 
8s2 = 
[( fiact STD J 
2 
( !J.m STD J 2 ]( )2 ( )2 + act STD m STD + !J.ctS BL 
actsm msm 
+ (!J.mSTD J2 + 
msrn (actSTDmSTD -ctsBLY 
(
fie one srn J 2 
concsrn 
(I.ITI) 
NB error contribution from the hydration factor (hs2) cotnpared to other parameter 
errors had no influence on this error calculation and therefore not included in 
the propagation of error calculation. 
The fractional error ( s82) calculated in equation (I. III) was for a single sample, from 
equation (1.1) and hence equation (1.11) it is possible to understand how normalisation 
of a sample value reduces the errors associated to the two sample values, error 
previously associated with the certified reference material. 
Concentration of the element chlorine determined by INAA of pre-operative 
and early bypass erythrocyte samples from subject 5, see Appendix II, Table V 
R = conc82 
conc81 
(actsz x ms2- ctsBL )+ msz h 
( ) 
X COnCSTD X S2 
actSTD X mSTD -CtSBL + mSTD 
= (act 81 x m 81 - cts BL ) + m 81 
( ) x concsrn x h81 actSTD X mSTD- CtSBL + mSTD 
R = (actsz x ms2 -ctsBL)+msz x hs2 
(act81 x m81 - cts8L )+ m81 x h81 
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where: R ratio (normalisation) 
acts1 292.62 (cps mg-1) 
acts2 320.76 (cps mg-1) 
CtSBL 181.98 (cps) 
actsrD 177.62 (cps mg-1) 
mst 95.6 (mg) 
ms2 100.9 (mg) 
msrD 123.1 (mg) 
concsrD= 3560 (mg kg-1) 
hs1 0.3105 (kg L-1) 
hs2 0.3098 (kg L-1) 
(320. 76 X 100.9 -181.98) + 100.9 X 3560 X 0.3098 
R = (177.62x123.1-181.98)+123.1 = 1988.47 = 1988 =l.09 (292.62x95.6-181.98)+95.6 x 3560 x 03105 1816.51 1817 (177.62 X 123.1-181.98)+ 123.1 
Propagation of error of the element chlorine determined by INAA of the early 
bypass erythrocyte sample ( concs2) from subject 5. 
Aeone82 
Bsz = 
eones2 
[( Aaetsz J
2 
+(b.msz J
2
](aet8zmszY +(iletsnLY 
aetsz msz (A Jz umsz 
=------------------------=---------------------- + ---- + (aet82 m82 -ets 81 Y msz 
[( flaetSTD J
2 
(flmSTD J2]{ )2 ( )2 + - ,aet8mmsm + ilets8L 
aetSTD mSTD (A J umSTD ］ＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭ + ---- + 
(aet 8mmsTD -ets BLY msm 
(
/leone sm J 2 
eonesrD 
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where: 
0 s2 = 
act82 
actsrD 
msrD 
ctssL 
concsrD = 
ｾ｡｣ｴｳＲ＠ = 
ｾ｡｣ｴｳｲｄ＠ = 
ｾｭｳＲ＠
ｾ｣ｴｳｳｌ＠
320.76 (cps mg-1) 
177.62 (cps mg-1) 
100.9 (mg) 
123.1 (mg) 
181.98 (cps) 
3560 (mg kg-1) 
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absolute error of activity of early bypass sample 
= 0.0066 
absolute error of activity of reference material 
= 0.0146 
absolute error of mass of early bypass sample= 0.0001 
absolute error of counts of blank= 0.0049 
absolute error of element in certified reference material 
= 12%. i.e. 427.2 (mg kg-1) 
[(
0
·
0066)
2 
+ ( 0·0001)
2
](320.76x1oo.9Y + (o.oo49Y 
320.76 100.9 (0.0001) 2 
］ＭＭＭＭＭＭＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ + ---- + (320.76x100.9 -181.98Y 100.9 
[(
0
·
0146)
2 
+ ( 0·0001)
2
](177.62x123.1Y + (o.oo49Y 
177.62 123.1 +(0.0001)2 +(427.2)2 
(177.62x123.1-181.98Y 123.1 3560 
&s2 (fractional error) 0.12 
12% 
Chlorine concentration of early bypass subject 5 sample= 1988 ± 240, see Appendix 
II, Table V. 
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Appendix II - Detection Limits and Elemental 
Concentrations of Erythrocytes and Leukocytes 
Rules for stating uncertainties: In high precision work experimental uncertainties 
are rounded to two significant figures. The last significant figure in any stated 
answer should usually be of the same order of magnitude (in the same decimal 
position) as the uncertainty [Tay97]. 
Table I: Detection limits for Bowen's Kale using Proton Induced X-ray Emission (PIXE) 
I . analysis. 
Element Detection limits (m2 k2-1) 
Na 379 
Mg 136 
AI 94.0 
Si 41.3 
p 61.6 
s 20.1 
Cl 18.2 
K 21.8 
Ca 78.2 
Cr 2.2 
Mn 2.1 
Fe 1.3 
Ni 1.4 
Cu 0.63 
Zn 0.59 
Se 1.6 
Br 1.6 
Rb 3.6 
Cond1tions proton beam energy 
beam diameter 
typical beam current 
counting period 
Detection limit ｾｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [Max95] 
2.5 MeV 
10mm 
800pA 
9 minutes 
Table II: Detection limits for Bowen's Kale using Instrumental Neutron Activation Analysis 
(INAA), ICIS system. 
Element Detection limits (m2 k2-1) 
Na 380 
M2 101 
AI 2.6 
s 5430 
Cl 111 
K 1500 
Mn 0.61 
Br 1.8 
I 0.25 (not certified) 
. . 
*ICIS rrrad1at10n cond1t10ns: ti = 300s, tw = 120s, tc = 300s 
Detection limit ｾｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [GamOO] 
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For calculation of detection limit: 
Concentration wet (mg L"1) =concentration dry (mg kg-1) x hydration factor (kg L"1) 
Hydration factors (h) for erythrocytes 
Hydration factors (h) for whole blood 
range 0.22 - 0.34 (mg kg-1) 
range 0.12 - 0.19 (mg kg -l) 
An example of concentration calculation via the comparative method and 
propagation of error is shown in Appendix I. 
Table III: Elemental concentration (mg L"1 ± SD) of whole blood, plasma and erythrocytes 
determined by PIXE analysis from non-diabetic subject at pre-operative timepoint ｯｾｴｬｹ＠ of 
CABG surgery. 
Subject 2 
Element Concentration (mg L"
1) at p1·e-operative timepoi1tt ±error (SD) 
Pre-op (whole blood) Pre-op (plasma) Pre-op (erythrocytes) 
Si 6.4 ± 4.3 3.8 ±2.0 <DL 
p 354 ± 14 80.8 ± 4.1 667 ± 27 
s 1495 ± 210 792 ± 110 2071 ± 290 
Cl 3262 ± 390 2921 ± 350 2180 ± 260 
K 1667 ± 100 273 ± 16 3866 ± 230 
Ca 106.7 ± 7.6 85.2 ± 4.9 44.3 ± 9.3 
Fe 454 ±54 0.96 ± 0.16 1272 ± 160 
Cu 0.56 ± 0.20 0.62 ± 0.16 0.95 ± 0.33 
Zn 6.30 ± 0.71 0.80 ± 0.12 14.7 ± 1.6 
Br 3.81 ± 0.72 3.20 ± 0.53 2.76 ± 0.70 
Rb 1.60 ± 0.60 <DL 4.1 ± 1.1 
<DL less than detection limit ＨＳｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [Max95], see Appendix I, Table I 
NB The above table includes three different sample types; therefore the significant 
figures of the concentration and error for the same element will vary. 
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Table IV: Elemental concentration (mg L"1 ± SD) of erythrocytes determined by PIXE analysis 
from non-diabetic and type II diabetic subjects at pre-, during and post-operative timepoints of 
CABG surgery. 
Subject 1 
Concentration (mg L"1) at timepoints ±error (SD) ｅｬ･ｭ･ｮｴｾＭＭＭＭＭＭＭＭｾｾｾＭＭｾｾｾｾｾｾｾＭＭｾＭＭＭＭＭＭＭＭｾｾＮＭＭＭＭＭＭＭＭＭｾＱ＠
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
Si 
p 
s 
Cl 
K 
Ca 
Fe 
Cu 
Zn 
Element 
Si 
p 
s 
Cl 
K 
Ca 
Fe 
Cu 
Zn 
Br 
Rb 
Element 
Si 
p 
s 
Cl 
K 
Ca 
Fe 
Cu 
Zn 
Br 
Rb 
Pre-op 
<DL 
667 ± 27 
2071 ± 290 
2180 ± 260 
3866 ± 230 
44.3 ± 9.3 
1272 ± 160 
0.95 ± 0.33 
14.7 ± 1.6 
2.76 ± 0.70 
4.1 ± 1.1 
Pre-op 
<DL 
849 ± 34 
2837 ± 400 
2905 ± 350 
5006 ± 300 
68 ± 13 
1490 ± 180 
1.28 ± 0.42 
21.3 ± 2.3 
5.3 ± 1.2 
7.4 ± 1.8 
15.5 ± 7.3 16.4 ± 9.1 ｾｩｾＩＮＺｲｨｦ＿＿ｾｾＺｾ［ＺｾｴｾｾｾｾｾｪＺｊＮＺＺｾｾｾｾｾ［［Ｎｾｾ＠ ｾｾｾｾＭｾｾｾ［ｩｾｾＮｾｾｾｾﾷｾＺＺｾＺｾｾｾｾｾｦｲｴ＿ｊ｜ＥｾｾＭ
656 + 26 843 + 34 Ｚｽｴｾｾ［ｲｾｴｾＺｾＺｾｾＭＺｾｾ Ｍ .. ·,;:1< ''" ·<.:.:; ＺＺＺＮｾＭＺＱｾ｜ｾ＠
1983 + 280 2648 + 370 Ｑ ［ＺＬｾ＠ _ _,, ［ＬＬｾ＠ ＧﾷＢｾｾｩｾｾＬｻｾｴＬＢ Ｍ Ｚ ﾷ ｾ｜＠ Ｑ ｾ［ＧｾＺｾ［Ｚ｜＿ｲｾﾷｾＮ ［ ｦ ［Ｈｾ ﾷＧ ［Ｚ＠ :: ＺｾＦＺｊ＠ r-
2630 + 32o 3569 ± 430 Ｑ ｻ［ｾＺｽＺＮＧｓｩＺｾｾ Ｚｾ ﾷ［Ｂﾷ＠ ＺＺ［ ＯｲｲＺＮｾ｣ｩＺＺｴ［Ｇ＠ .,''·'!C ＧＢＧｦｵｲｾ＠ _, 
53.7 + 8.4 76 + 11 ;; Ｚ［［Ｌ［ｄｦＮｾ ［ｽ［ＧＯｲﾷ ｾｾ［ ｟ ｦｩｪｊＵ Ｑ ｜ｾＺｴｲｾｩｩ＠ {>:::./f;;"J":i{ ＭＡｾ Ｚｾ［［ｾ＠
994 ± 120 12s4 ± 15o ｩｾ､｟ｾｊｾﾣｔＨｊｦＺｩｩｩ＼ＺｾｴＯＬＱｾｾＺＱｾ Ｎ Ｚｾｩｻｴ＠ ｦ＾ｲＲｩ•ＺＺＺｾｳ［ｴｾｾｾｾ［ｾＡＳｾ＾ｾｾＮｲｾｾ Ｚ＠
5.3 + 1.0 4.9 + 1.1 
3.10 + 0.99 2.7 + 1.2 
Subject 2 
Concentration (mg L"1) at timepoints :1: error (SD) 
Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
11.7±6.8 52± 17 28 ± 11 21.4 ± 8.6 
698 ± 28 699 ± 28 715 ± 29 636 ± 25 
2121 ± 300 2158 ± 300 2089 ± 290 2181 ± 300 
2234 ± 270 2240 ±270 2447 ± 290 2251 ± 270 
3857 ± 230 3989 ± 240 4087 ± 250 4249 ± 250 
41.7 ± 9.4 63 ± 10 69 ± 10 37 ± 10 
1298 ± 160 1336 ± 160 1279 ± 150 1410 ± 170 
1.43 ± 0.42 0.88 ± 0.32 1.34 ± 0.39 1.32 ± 0.39 
16.0 ± 1.7 15.9 ± 1.7 16.6 ± 1.7 15.9 ± 1.7 
3.30 ± 0.72 1.89 ± 0.65 3.95 ± 0.86 2.44 ± 0.70 
3.20 ± 0.99 4.7 ± 1.2 4.2 ± 1.1 3.3 ± 1.1 
Subject 3 
Concentration (mg L"1) at timepoints :1: error (SD) 
Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
<DL 17.8 ± 9,6 20.1 ± 9.6 <DL 
807 ± 32 787 ± 31 769 ± 30 630 ± 26 
2805 ± 390 2706 ± 380 2569 ± 360 2458 ± 340 
2871 ± 340 2568 ± 310 2693 ± 320 3042 ± 370 
4868 ± 290 4740 ± 280 4538 ± 270 3194 ± 190 
88 ± 12 61 ± 12 61 ± 11 35.9 ± 8.5 
1481 ± 180 1436 ± 170 1381±170 1314 ± 160 
1.12 ± 0.36 1.39 ± 0.42 1.13 ± 0.36 1.02 ± 0.33 
20.4 ± 2.1 19.5 ± 2.0 17.3 ± 1.9 15.9 ± 1.7 
5.7 ± 1.2 4.29 ± 0.82 3.33 ± 0.93 5.5 ± 1.1 
6.9 ± 1.6 5.1 ± 1.4 7.1 ± 1.5 3.9 ± 1.1 
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Subject 4* 
Element Pre-op 
Concentration (mg L"1) at timepoints :1: error (SD) 
Eal'ly Bypass Late Bypass 1 hr post-op 12-24 Ius post-op 
Si 47 ± 16 
p 646 ± 26 
s 2629 ± 370 
Cl 2995 ± 360 3107 ± 370 3294 ± 400 2960 ± 360 
K 3509 ± 210 3438 + 210 3350 ± 200 4104 + 250 
Ca 80 + 10 70 + 10 154 + 12 47 + 11 
Fe 1214 + 150 1198 + 150 1127 + 140 1430 + 170 
Cu 1.01 ± 0.33 0.80 ± 0.30 0.99 ± 0.40 1.18 ± 0.38 
Zn 12.4 ± 1.3 14.7 ± 1.6 14.7 ± 1.6 16.5 ± 1.8 
Br 3.00 ± 0.77 2.20 ± 0.66 2.51 ± 0.66 2.35 ± 0.75 
Rb 4.1 ± 1.1 3.0 ± 0.9 2.5 ±0.9 1.7 ± 1.1 
Subject 5* 
Element Pre-op 
Concentration (mg L"1) at timepoints :1: error (SD) 
12-24 hrs post-op Early Bypass Late Bypass 1 hr post-op 
Si 14.9 ± 8.3 <DL <DL 20.3 ±9.3 <DL 
p 729 ± 29 718 ± 29 728 ± 29 718 ± 29 666 ± 27 
s 2562 ± 360 2494 ± 350 2493 ± 350 2532 ± 350 2559 ± 360 
Cl 2832 ± 340 2850 ± 340 3050 ± 370 2936 ± 350 2758 ± 330 
K 4291 ± 260 4272 ± 260 3883 ± 230 3901 ± 230 4641 ± 280 
Ca 79 ± 11 39 ± 10 57± 10 80 ± 11 77 ± 12 
Fe 1242 ± 150 1262 ± 150 1257 ± 150 1286 ± 160 1274 ± 160 
Cu 0.88 ± 0.32 0.64 ± 0.27 0.98 ± 0.33 0.94 ± 0.23 0.42 ± 0.28 
Zn 14.9 ± 1.6 15.8 ± 1.7 15.3 ± 1.6 17.0 ± 1.8 15.7 ± 1.7 
Br 3.84 ± 0.83 3.68 ± 0.79 3.88 ± 0.86 2.88 ± 0.77 2.83 ± 0.72 
Rb 3.0 ± 1.2 5.7 ± 2.2 4.9 ± 1.4 4.8 ± 1.3 5.2 ± 1.3 
Subject 6*# 
Concentration (mg L"1) at timepoints ±error (SD) ｅｬ･ｭ･ｮｴｾＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭｾｾｾｾｾＭＭｾｾＭＭＭＭＭＭｾｾｾＭＭＭＭＭＭＭＭＭＭｾＱ＠
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
* # 
Si 
p 
s 
Cl 
K 
Ca 
Fe 
Cu 
Zn 
Br 
Rb 
<DL 
< DL 18.4 ± 9.1 14.9 ± 8.5 < DL 20.6 ± 9.6 
758±31 729±30 779±31 697±29 701±29 
2436 ± 340 2642 ± 370 2713 ± 380 2510 ± 350 2666 ± 370 
2973 ± 360 3040 ± 360 3192 ± 380 2784 ± 330 3002 ± 360 
4426 ± 270 3845 ± 230 4003 ± 240 
67 ± 11 50± 10 53± 11 
1258 ± 150 1343 ± 160 1417 ± 170 
0.89 ± 0.33 0.86 ± 0.30 0.64 ± 0.35 
17.5 ± 1.8 19.3 ± 2.0 18.3 ± 2.0 16.7 ± 1.8 16.1 ± 1.7 
7.3 ± 1.3 5.5 ± 1.1 6.4 ± 1.4 5.7 ± 1.1 3.8 ± 0.8 
diabetic 
female 
1.8 ± 1.0 2.5 ± 1.1 6.8 ± 1.9 
less than detection limit (3.Jbackground) [Max95], see Appendix I, Table I 
sample not obtainable 
176 
Appendices 
Table V: Elemental concentration (mg L"1 ± SD) of e•·ythrocytes determined by Instrumental 
Neutron Activation Analysis (INAA) from non-diabetic and type II diabetic subjects at pre-, 
durin2 and post-operative timepoints of CABG sur2ery. 
Subject 2 
Element Pre-op 
Concentration at timepoints (mg L"1) :1: error (SD) 
Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
Na 720 ± 86 314 ± 38 612 ± 74 248 ± 30 441 ±53 
Mg 51± 9 40 ± 12 54 ±9 77 ± 10 52 ±8 
AI 2.34 ± 0.59 2.25 ± 0.57 2.42 ± 0.60 3.07 ± 0.78 2.00 ± 0.50 
s 2753 ± 690 2532 ± 540 <DL 3186 ± 610 3358 ± 620 
Cl 1881 ± 230 1744 ± 210 1794 ± 220 1964 ± 240 1843 ± 220 
K 2958 ± 180 2944 ± 190 3094 ± 190 3061 ± 190 3267 ± 200 
Br 2.17 ± 0.22 1.47 ± 0.16 1.67 ± 0.17 2.06 ± 0.21 1.57 ± 0.16 
Subject 3 
Element Pre-op 
Concentration at timepoints (mg L"1) :1: error (SD) 
Early Bypass Late Bypass 1 hr post-op 12-24 brs post-op 
Na 501 ± 60 531±64 521±63 589±71 
Mg 52.1 + 6.0 60.8 + 7.1 61.0 + 7.3 65.6 + 7.7 
AI 1.18 + 0.30 1.50 + 0.38 1.20 + 0.30 1.82 + 0.46 
s 2045 ± 370 2356 ± 370 2282 ± 470 3621 ± 660 
Cl 1785 ± 210 1740 ± 190 1720 ± 210 1771 ± 210 
K 3325 ± 200 3157 ± 190 2965 ± 180 
Br 3.36 + 0.34 2.96 + 0.29 3.00 + 0.30 
Subject 5* 
Concentration at timepoints (mg L"1) ±error (SD) ｅｬ･ｭ･ｮｴｾＭＭＭＭＭＭＭＭｾｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭｾＭＭＭＭＭｾｾｾｾＭＭＭＭＭＭＭＭＭＭｾｾｾＭＭＭＭＭＭＭＭＭＭＭｾＱ＠
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 brs post-op 
Na 
Mg 
AI 
s 
Cl 
K 
Br 
* 
** 
<DL 
c::J 
658 ± 79 614 ± 74 728 ± 87 740 ± 89 421 ±51 
50.1 ± 6.3 58.3 ± 6.9 51.6 ± 6.3 47.7 ± 6.0 51.4 ± 6.3 
2.08 ± 0.52 0.96 ± 0.24 1.23 ± 0.31 0.65 ± 0.17 2.02 ± 0.51 
2157 ± 410 2662 ± 490 3126 ± 520 2854 ± 490 2192 ± 390 
1817 ± 210 **1988 ± 240 2029 ± 240 1949 ± 230 1844 ± 220 
2595 ± 160 3003 ± 180 2358 ± 140 2395 ± 150 3204 ± 190 
2.77 ± 0.28 1.51 ± 0.15 2.03 ± 0.20 2.18 ± 0.22 2.09 ± 0.21 
diabetic 
calculation of concentration and error for this sample is shown in Appendix I 
less than detection limit ＨＳｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [GamOO], see Appendix I, Table II 
sample not obtainable 
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Table VI: Comparison of elemental concentration (mg L-1 ± SD) of erythrocytes determined by 
INAA and PIXE analysis from non-diabetic and type II diabetic subjects at pre, during and 
t t' t' . t f CABG pos -opera tve 1mepom s o surgery. 
Subject 2 
Element Concentration (mg L ·
1) at timepoints ± error (SD) 
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
s INAA 2753 ± 690 2532 ± 540 <DL 3186 ± 610 3358 ± 620 
PIXE 2071 ± 290 2121 ± 300 2158 ± 300 2089 ± 290 2181 ± 300 
Cl INAA 1881 ± 230 1744 ±210 1794 ± 220 1964 ± 240 1843 ± 220 
PIXE 2180 ± 260 2234 ± 270 2240 ± 270 2447 ± 290 2251 ± 270 
K INAA 2958 ± 180 2944 ± 190 3094 ± 190 3061 ± 190 3267 ± 200 
PIXE 3866 ± 230 3857 ± 230 3989 ± 240 4087 ± 250 4249 ± 250 
Br INAA 2.17 ± 0.22 1.47 ± 0.16 1.67 ± 0.17 2.06 ± 0.21 1.57 ±0.16 
PIXE 2.76 ± 0.70 3.30 ± 0.72 1.89 ± 0.65 3.95 ± 0.86 2.44 ± 0.70 
Subject 3 
Element Concentration (mg L-
1) at timepoints :1: error (SD) 
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
s INAA 2045 ± 370 2356 ± 370 2282 ±470 3621 ± 660 ｾｧﾷ［ｾｾｾｾＺｾ ＧｾｴＺＺＺＮｽ［ｾｾ ｋＺ Ｌ ｦＮＺ［ＺＺﾷ Ｌ ｾｾ ﾷＧ ﾷｾＺ［Ｍｾﾷ＾ｩＺＮＬ＠
PIXE 2837 ± 400 2805 ± 3904 2706 ± 380 2569 ± 360 2458 ± 340 
Cl INAA 1785±210 1740 ± 190 1720±210 1771 ± 210 ＺＺＺ［ｾＺｾｾＱ ｾｾ ｦｾｾｦ［ｾｦ ｾｾｾｴｾＺＱＺ［Ｎ［ｴｾｬｦｦ ＺＮｾｾＭｾＺＬ＠
PIXE 2905 ± 350 2871 ± 340 2568 ± 310 2693 ± 320 3042 ± 370 
K INAA 3326 ± 200 3157 ± 190 2965 ± 180 3588 ± 220 ｴｾＮｾｬｂｩｳｾｾＱＺＺｾｾｾｲｴｦＺＺｾｪＵｾＭｾ Ｍ ｾｾｾｾｾｩ＠
PIXE 5006 ± 300 4868 ± 290 4740 ± 280 4538 ± 270 3194 ± 190 
Br INAA 3.36 ± 0.34 2.96 ± 0.29 3.00 ± 0.30 3.51 ± 0.35 ｾｾｾ｜ ｬＡＡ｜Ｚ［ｾｾ ﾷ ［Ｚｦ＠ .: -; ｾＺｾ［ＺＲｾ Ｚ ＺＱ［Ｏ＠
PIXE 5.3 ± 1.2 5.7 ± 1.2 4.29 ± 0.82 3.33 ± 0.93 5.5 ± 1.1 
Subject 5* 
Element Concentration (mg L-
1) at timepoints ±error (SD) 
Pre-op Early Bypass Late Bypass 1 hr post-op 12-24 hrs post-op 
s INAA 2157 ± 410 2662 ± 490 3126 ± 520 2854 ±490 2192 ± 390 
PIXE 2562 ± 360 2494 ± 350 2493 ± 350 2532 ± 350 2559 ± 360 
Cl INAA 1817 ± 210 1988 ± 240 2029. ± 240 1949 ± 230 1844 ± 220 
PIXE 2832 ± 340 2850 ± 340 3050 ± 370 2936 ± 350 2758 ± 330 
K INAA 2595 ± 160 3003 ± 180 2358 ± 140 2395 ± 150 3204 ± 190 
PIXE 4291 ± 260 4272 ±260 3883 ± 230 3901 ± 230 4641 ± 280 
Br INAA 2.77 ± 0.28 1.51 ± 0.15 2.03 ± 0.20 2.18 ± 0.22 2.09 ± 0.21 
PIXE 3.84 ± 0.83 3.68 ± 0.79 3.88 ± 0.86 2.88 ± 0.77 2.83 ± 0.72 
* diabetic 
< DL less than detection limit. ＨＳｾ｢｡｣ｫｧｲｯｵｮ､Ｉ＠ [GamOO], see Appendix I, Table IT 
EJ sample not obtainable 
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Appendix III - Patient Medical History 
Table 1: Medical h. f d er gotng CABG 
Typell Hospital Coronary Bypass Clotting aPTT Base excess 1st Clinic Subject DOB Gender Smoker Past medical history medical Drugs history 24hrs diabetic stay history duration (ratio 0.85-1.15) (-2 to +2 meq L-1) comments 
1 30/04/38 M No 7days No Positive family history Coronary Simvastatin, 20mg od Not given 0.94 -4.3 Addition of 
Hypertension artery stent Zocor, 50mg od platelets, 
Hyperlipidaemea inserted Metoprolol, 50mg bd leukocyte 
MIMay2002 80 % stenosis Amlodipine, 5mg od depletion. 
Angina 8mths prior to Aspirin, 75mg od 
MI Irbesartan 
High blood pressure 
High cholesterol 
2 05/07/42 M No 4days 2-3 Positive family history Right coronary Simvastatin, 20mg nocte Not given 1.16 2.8 Iron 
cigars Hypertension artery mildly Diazapam 5mg bd therapy, 
per day, MI diseased, tight Metoprolol, 1 OOmg td anaemia. 
stopped Ventricular fibrillation stenosis Candesartan 16mg od 
2002 arrest 2002, collasped Significant Aspirin, 75mg od 
& resus coronary artery Lansoprazole 30mg od 
Poor short term disease Diltiazem SR 90mg bd 
memory, hypoxic brain 
damage 
Right leg vein 
varicosed 
High blood pressure 
High cholesterol 
3 18/08/32 M No 5 days Stopped Positive family history Triple vessel Aspirin, 75mg od 78 mins 1.47 -4.1 
1979 MI 1979 disease Atorvastatin 1 Omg nocte 
Left saphenous leg vein Atenolol 25mg od 
varicosed ISMN20mgbd 
Unstable angina 2002 GTNspraypm 
High blood pressure 
High cholesterol 
4 24/06/32 M Yes 7 days Stopped MIMay 1993 Left artery Amlodipine, 5mg od 138 mins 1.55 -11.7 Fibrinogen 
1972 Unstable event 2002 heavily Enalapril 20mg od 1.2 
Kidney stone diseased Atenolol 50mg od (2-4 giL). 
Ischaemic heart disease Impaired left Glidazide 40mg od Thrombo-
ventricular Simvastatin, 20mg nocte cytopaenia 
function Nicorandil 1 Omg od on film. 
Significant Clopidogrel75mg od Addition of 
coronary artery platelets. 
disease Iron therapy 
5 02/10/39 M Yes 17 days Yes Lower thoracic Occluded left Metformin, 500mg hd 41 mins 1.27 -4.7 Severe op, I 
backpain artery with Metoprolol, 25mg bd no re-do 
MI May 1995 tight stenosis Atorvastatin 20mg od 
Ischaemic heart disease Aspirin, 75mg od 
Left leg vein varicosed, Dalteparin 10 OOOu bd 
stripped Salbutamol 2.5mg qds 
High cholesterol Diltiazum 90mg hd 
Angina, chest pain ISMN 2000mg hd 
6 17/11130 F Yes 12 days No Positive family history Angiogram- Gliclazide 80mg bd 84 mins 1.50 -4.6 
MI Dec20 01, after tight lesion on Simvastatin, 20mg nocte 
road traffic accident right coronary Aspirin, 75mg od 
High cholesterol artery Atenolol 25mg od 
Obesity 30% lesion on 
left internal 
carotoid artery, 
50% on right 
10 31/12/30 M No 7 days No Ischaemic heart disease Aspirin, 75mg od 125 mins 1.12 -0.8 
Simvastatin, 20mg nocte 
Bisoprolol, 5mg od 
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Appendix IV - Medical Glossary, Drug Action and 
Chemical Solutions 
T bl I M d' I I a e : e 1ca f!J ossary. 
active Partial Screening test to identify acquired or inherited deficiencies in the activities of 
Thromboplastin Factors IX, VIII, and XI and to assess reduction in the activity of fibrinogen, 
Time(aPTT) Factors V and X. It is also a test for lupus anticoagulants and to monitor 
heparin anticoagulation. Blood is collected fi.·om the patient into a citrated 
tube, centrifuged to isolate the plasma and the time that elapses until a clot 
forms is the activated Partial Thromboplastin Time ( aPTT). Prolongation of 
the aPTT occurs when there is: factor deficiency, factor inhibitor, 
anticoagulation with heparin or contamination of sample with heparin. 
Angina The main symptom of angina is pain over the central chest that may 
sometimes radiate down the left arm, to the jaw or to the back. The 
characteristic feature of the pain is that it is usually aggravated by exercise 
and relieved by rest, though variant forms may occur. The pain is usually 
described as a sense of compression or tightness in the middle of the chest, 
and may last for five to twenty minutes. The pain may be accompanied by 
sweating. The presence of anginal episodes is virtually diagnostic of 
Ischaemic Heart Disease (IHD). 
Base Excess (BE) A base that must be added to restore a normal pH (normal range: -2 to +2 
meq/L) 
Base Excess = (actual _pH - predicted _pH) * 67 
Positive base excess - metabolic alkalosis. 
Negative base deficit- metabolic acidosis, severe acidosis (Base Excess<-
10). 
Haematocrit Proportion, by volume, ofblood that consists of red blood cells(%). 
Haemolysis The disruption of erythrocytes with the release of haemoglobin. 
Hyperlipidaemia High levels of lipids in the blood. 
Hypertension High bloodpressure. 
Intrinsic Factor Intrinsic factor is a glycoprotein secreted by cells of the gastric mucosa. It has 
an important role in the absorption of vitamin B 12 (cobalamin) in the intestine 
(vitamin B12 is necessary for maturation of erythrocytes) and failure to 
produce or utilize intrinsic factor results in pemicious anaemia. 
Ischaemia or Ischemia is a condition in which the blood flow and thus oxygen is restricted 
Ischaemia Heart to a part of the body. Ischaemic Heart Disease (IHD), otherwise known as 
Disease (IHD) Coronary Artery Disease, is the condition that affects the supply of blood to 
the heatt. The blood vessels are narrowed or blocked due to the deposition of 
cholesterol plaques on their walls. This reduces the supply of oxygen and 
nutrients to the heart muscle, which is essential for proper functioning of the 
heart. Complete blockage results in deficient oxygenation and nutrient supply 
to the heart tissues, leading to damage, death and necrosis of the tissue, which 
is known as Myocardial Infarction (heart attack). 
Mean Cell Volume Average volume of a red blood cell. Calculated from the haematocrit and 
(mcv) erythrocyte count (fL). 
Myocardial See ischaemia. 
Infarction (MI) 
Stenosis Aortic stenosis is the narrowing or obstruction of the heart's aortic valve, 
which prevents it from opening properly and blocks the flow of blood from 
the left ventricle to the aorta. Stenting is a procedure in where a small, 
expandable wire mesh tube, a "stent" is insetted into the diseased artery, 
serving as a scaffold to hold it ｯｰ ｾ ･ｮＮ＠
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Thrombocytopaenia Thrombocytopenia is the term for a reduced platelet (thrombocyte) count. It 
occurs when platelets are lost from the circulation faster than they can be 
replaced from the bone marrow where they are made. Thrombocytopenia may 
either result from a failure of platelet production and/or an increased rate of 
removal from blood. 
Unstable Angina Unstable (crescendo) angina is defined as recurrent episodes of angina on 
minimal effort or at rest. It can be the initial presentation of ischaemic heart 
disease, or the abrupt deterioration of a previously stable angina. 
Unstable angina is provoked more easily and persists for longer than stable 
angina. It may fail to respond to therapy. Unless vigorously treated, 30 % of 
patients will progress to myocardial infarction or death within 3 months. 
Ventricular The heart beats when electrical signals move through it. Ventricular 
Fibrillation (VF) fibrillation is a condition in which the heati's electrical activity becomes 
disordered. The heart's lower pumping chambers contract in a rapid 
unsynchronized way, the ventricles "flutter or fibrillate" rather than beat. The 
heart pumps little or no blood. 
Ventricular fibrillation is life threatening and collapse and sudden cardiac 
death will follow in minutes unless medical help is provided immediately. 
T bl II P f t d a e : a lCD ru ｾｳ｡ｮ＠ d th. t' e1r ac Ion. 
Atenolol Used to treat high blood pressure. It also is used to prevent angina and heart 
attacks. It works by relaxing your blood vessels so your heart doesn't have to 
pump as hard. 
Atorvastatin Used with diet changes (restriction of cholesterol and fat intake) to reduce the 
amount of cholesterol and cetiain fatty substances in the blood. 
Amlodipine Used to treat high blood pressure. It relaxes your blood vessels so your heart 
does not have to pump as hard. It also increases the supply of blood and 
oxygen to the heart to control angina. If taken regularly, amlodipine controls 
angina, but it does not stop chest pain once it starts. 
Bisoprolol Used to treat high blood pressure. It works by relaxing your blood vessels so 
your heart doesn't have to pump as hard. For angina and hyp_etiension. 
Candesartan See Ibesartan 
Clopidogrel An antiplatelet agent, used in the reduction of atherosclerotic events in 
patients with a history of symptomatic atherosclerotic disease such as disease 
such as myocardial infm·ction (MI). It reduces the risk of stroke or heati 
attack. It works by preventing excessive blood clotting. 
Dalteparin A low molecular weight heparin with anti thrombotic properties. It acts by 
enhancing the inhibition of Factor Xa and thrombin by antithrombin. 
Diazepam An antianxiety agent (benzodiazepines). Used primarily for sholi-term relief 
of mild to moderate anxiety. 
Diltiazem A group of medicines called calcium channel blockers, which act on the heart 
and blood vessels. It slows the movement of calcium through cells, decreasing 
the heart beat rate, resulting in the heart using less energy and the pain of 
angina relieved. It also has a mild widening effect on blood vessels and 
reduces blood pressure. 
Enalapril A type of angiotensin-convetiing enzyme (ACE) inhibitor. A family of dlugs 
used to treat high blood pressure and some types of heart failure. Enalapril is 
also used to slow the progression of kidney disease in people with diabetes. 
Gliclazide A hypoglycemic agent of the sulfonylurea group. Its hypoglycemic action 
gives an improvement in insulin secretion from the functioning beta cells of 
the pancreas. It eases insulin release and improves the dynamics of insulin. 
(GTN), Glyceryl SeeiSMN 
trinitrate 
(ISMN), lsosorbide A nitrate family of dlugs used to prevent angina. It is available in immediate-
mononitrate release and extended-release products. 
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Irbesartan A class of medicines called angiotensin II inhibitor antihypertensives. It is 
used to treat high blood pressure (hypertension). 
Irbesartan works by blocking the action of a substance in the body that causes 
blood vessels to tighten relaxing blood vessels and lowering blood pressure. 
Lansoprazole Used to prevent ulcers and to treat other conditions in which the stomach 
produces too much acid. 
Metformin Increases the body's receptor sensitivity to insulin. It is an antihyperglycemic 
drug used in the management of type II diabetes. Metformin is also known to 
lower cholesterol levels and helps prevent low-density lipoproteins, (bad 
cholesterol) from attaching to blood platelets and arteries, thereby reducing 
the risk of blood clotting. 
Metoprolol Used to treat high blood pressure. It also is used to prevent angina and heart 
attacks. It works by relaxing your blood vessels meaning your heart doesn't 
have to pump as hard. 
Nicorandil To relieve and prevent angina by reducing the workload of the heart and 
increasing its blood supply. Belongs to a group of drugs know as potassium 
channel activators. 
Salbutamol A short-acting beta 2 agonist. It works by acting on receptors in the lungs 
called beta 2 receptors. Stimulation of these receptors causes the muscles in 
the airways to relax, allowing the airways to open. In conditions where there 
is narrowing of the airways, such as astlnna, emphysema and chronic 
bronchitis, it is difficult for air to get in and out of the lungs. By opening the 
airways, salbutamol makes it easier to breathe working very quickly to relieve 
asthma attacks or shortness ofbreath. 
Simvastatin A lipid-lowering agent that is indicated as an addition to diet for many 
patients with high cholesterol when diet and exercise is inadequate. For 
patients with coronary heart disease and high cholesterol, it is indicated as an 
addition to diet to reduce the risk of death by reducing coronary death; to 
reduce the risk of heart attack; to reduce the risk for undergoing cardiac 
procedures; and to reduce the risk of stroke or ischemic attack. 
Zocor® See Simvastatin 
Table III: Chemical solutions used durmg leukocyte separation. 
EPICS Lysing Ammonium chloride 8.29 g 
Solution Disodium EDTA 0.037 g 
Phosphate 
Buffered Saline 
Polymorphprep™ 
Liquid Media 
Potassium hydrogen carbonate 1.0 g 
Dissolve the above chemicals in .... goo mL de-ionised water. Adjust to pH 7.3 
with ..... 1 mL 0.3 M Sodium hydroxide. Make to 1 litre water in a volumetric 
flask with "ultrapuren water. 
Tablets (DulbeccoA), Oxoid Ltd, Code: BR14 
Tablets for the preparation of a balanced salt solution without Ca and Mg. 
Sodium chloride: 8.0 g L-1 
Potassium chloride 0.2 g L-1 
Disodium hydrogen phosphate 1.15 g L-1 
Potassium dihydrogen phosphate 0.2 g L-1 
pH 7.3 
One tab dissolved in 100mL ultrapure water. 
Polymorph Prep is a ready-made, sterile and endotoxin tested solution for the 
isolation of human polymorphonuclear leucocytes (granulocytes) from whole 
blood, with the following specifications: 
Sodium diatrizoate: 13.8 % (w/v) 
Dextran 500: 8.0 % (w/v) 
Density: 1.113 ± 0.001 g/ml 
Osmolality: 460 ± 15 mOsm 
Endotoxins: < 1.0 EU/ml 
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Appendix V- St. George's Hospital Ethics Committee 
Protocol 
Radio analysis of Trace Elements Following 
Coronary Artery Bypass Grafting (CABG) Surgery. 
L.L.Admans 
Department of Physics, 
School of Electronics and Physical Sciences, 
University of Surrey, 
Guildford, 
Sun·ey, GU2 7XH. 
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Radioanalysis of Trace Elements Following 
Coronary Artery Bypass Grafting (CABG) Surgery. 
Introduction 
"Coronary heart disease (CHD) is one of the major causes of premature death and ill 
health in the UK. Every year it kills about 130,000 people in England, one of the 
highest death rates worldwide. Heart disease, together with cancer, is the country's 
biggest killer. That is why the NHS services that deal with it are one of my personal 
priorities for modernisation" stated Secretary of State for health Alan Milburn [ 1]. 
Cardiopulmonary bypass 
The first literature report of a successful clinical application of a left ventricular 
bypass (cardiac pulmonary bypass, CPB) was by DeBakey in 1964 [2]. 
Cardiopulmonary bypass (CPB) otherwise known as Coronary Artery Bypass 
Grafting (CABG) surgery may trigger the systemic inflammatory response (SIR). 
This pathophysiologic entity reflects a hyperdynamic circulatory state including an 
increased cardiac output in the presence of reduced systemic vascular resist8:nce 
(SVR) requiring treatment by fluid replacement and vasoconstrictive agents [3]. This 
inflammatory response can lead to organ injury and post-operative morbidity with 
causative factors including surgical trauma, contact of blood with the extracorporeal 
circuit and lung reperfusion injury on discontinuing bypass [4]. Contact and 
complement systems may play a large role in the inflammatory response to CABG. 
Associated with immunoregulatory and hematopoietic activities are cytokines these 
are a wide range of secreted proteins, soluble peptides that can tum on selective 
portions of the immune response. These glycoproteins or immune mediators are 
produced by many different cell types [ 5]. 
As well as alterations in the immune system profound alterations in post-operative 
physiology can occur i.e. blood flow, pressure and temperature are all abnormal. 
During the onset of CABG, using cystalloid prime, (priming of bypass system with 
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fluid) there is usually a sharp drop in blood pressure. This is caused by the lower 
systemic flow and the sudden fall in blood viscosity. Subsequently during bypass the 
systemic vascular resistance gradually increases to above its normal levels. During 
CABG surgery there is generalised increase in serum caticholamine levels in excess 
of those seen in operations not utilizing CABG. There is no pulmonary metabolism 
l 
of noradrenaline however, renin secretion is increased and with this follows 
angiotensin activation and aldosterone secretion. Vasopressin levels increase 
considerably during CABG and remain elevated for up to forty-eight hours post-
surgery. A mild hyperglycemia is usually seen following bypass due to increase 
gluconeogenesis, peripheral insulin resistance, decrease in serum insulin and raised 
ACTH and cortisol levels. 
Specific organ damage is associated with CABG: 
Adult Respiratory Distress Syndrome (ARDS) in 1-2% of patients 
Renal dysfunction in 1-4 o/o of patients 
GIT complications in less than 2 % of patients 
Prolong depression of conscious level in 3 % of patients 
Sensory neural hearing loss in 13 % of patients 
Stroke in 1-6 % of patients 
All these deleterious effects of CABG surgery have been repeatedly reported. 
Coronary revascularisation is a major intervention with risks as well as benefits. It is 
never undertaken lightly. Each and every patient requires careful consideration. 
Trace elements 
The elements zinc (Zn), copper (Cu), selenium (Se) chromium (Cr), iron (Fe), 
magnesium (Mg) and potassium (K) are considered to be essential nutrients in man 
necessary for normal growth and development. Many of the trace elements have 
respective transfer proteins that can be measured in serum. Iron (transferrin), zinc 
(albumin) and copper (ceruloplasmin). Changes in these elemental concentrations 
during surgical procedures showed a yery early serum iron and zinc increase 
followed by a decrease, whereas the copper concentration in the serum remains 
constant [ 6]. 
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It has also been reported that Zn, Se and Cu have an influence on the immune 
system. The variation in serum were depletion of Se and Zn levels pre-operatively, 
remaining low throughout the study period, with an increase in the Cu/Zn ratio at the 
start of CABG surgery which returned to normal on the fifth day post-operative [7]. 
Anderson reported that evidence linking minor intakes of the trace elements, 
chromium, copper, zinc and selenium with abnormal lipid metabolism and ultimately 
cardiovascular diseases is accumulating [8]. 
The ability of intra-operative hypothermia to modify the metabolic response to 
CABG surgery was assessed by Taggart et al by serial alteration in iron, zinc and 
copper and in their molar binding ratios to their respective transport protein, they 
found significant alterations in the serum concentrations of the metals. An intra-
operative temperature of 20 oc modified iron and zinc concentrations during surgery 
[9]. 
Biological tissue 
Essential for the relevance of trace element investigations has to be the material and 
its reliability. It must distinguish between the physiological and pathological states. 
Serum and plasma in clinical laboratories are consistent although with respect to 
clinical diagnosis they have proven quite ambiguous. It has been suggested that more 
trace element information can be found in blood cells rather than in plasma alone. 
Explained by the fact that some essential trace elements take place in various 
enzymatic roles which occur on a molecular cellular level [10]. Ignoring this 
information on biochemical roles can often lead to incorrect or misleading 
information as to the role and concentration of these elements. 
The best information with respect to trace element concentration comes from tissue 
as it gives the immediate biochemical process, however this is not always feasible. It 
has been suggested that more information could be found from different blood cell 
types. A method has been developed to enable separation of blood cells such as 
peripheral blood monocytes (PBMC) and polymorphonuclearcytes (PMN) [10] [11]. 
Little evidence has been found with respect to the analysis of leukocytes, however 
the trace element information found in different blood cells may yield vast and 
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considerable information due to their diverse lifespan, nucleated cells and role within 
the body. 
Proposal 
To analyse blood cells, including leukocytes and their constituents for variations in 
trace element concentrations pre- and post-operative, while relating this to surgical 
injury and complications of coronary artery bypass grafting. 
This collaborative and observational study involves: 
i) Department of Physics, School of Electronics and Physical Sciences, University of 
Surrey, Guildford, Surrey. 
ii) Cardiothoracic Unit, St. George's Hospital, London. 
iii) Chemical Pathology Department, St. George's Medical School, London. 
Procedure 
Following ethical committee approval, the subsequent study will commence at the 
Cardiothoracic Unit, St. George's Hospital. 
Selection patients undergoing coronary artery bypass grafting 
surgery, with or without type II diabetes. 
Exclusion, patient with renal impairment- serum creatine> 120 ｾｭｯｬ＠ ｌ ｾ Ｑ＠
hepatic failure 
onTPN 
septic 
endocrine disease (excluding diabetes, e.g. 
hyperthyroid) 
Samples will be collected at the following times: 
Pre-operative 
Early bypass 
Late bypass 
Post-operative 
ITU 
before patient is asleep (pre-intubation) 
within 1 hour off bypass 
12-24 hour post-operative in ITU 
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Objective: to observe and record any significant changes in trace element 
concentration in these cell types and groups of patients. 
Observation and analysis of the following (see assessment sheet): 
*tendency to oozing or bleeding 
*metabolic parameters 
*respiratory parameters 
*incidence of infection/sepsis 
full clotting screen, platelet count, HB, 
erythrocytes 
hyperglycaemia, insulin, bass excess 
time to extubation, Fi 02 
positive culture, temperature > 38 °C, white 
cell count 
*duration ofiTU!hospital stay and the outcome (e.g. mortality rate) 
Methodology 
A nominated medical person will collect four 7 mL blood samples from the central 
line, which has already been placed in all patients pre-operative as a routine monitor. 
All samples will be collected into trace element vacutainers™, provided by the 
University of Surrey and stored in the· Cardiothoracic Unit at a temperature between 
0-5 °C. The samples will be collected by removing the lid manually and collecting 
the blood straight from the catheter. To avoid any contamination, there will be no 
contact with a needle or butterfly valve. 
The first sample will be taken on the day of operation, from the patient pre-
intubation, having given their consent prior to the operation. The remaining samples 
will be taken as previously agreed. 
All vacutainers and polyethylene containers must be transcribed with the sample 
code using permanent ink as soon as the sample has been taken. The samples will be 
taken to the Chemical Pathology Department, St. George's Hospital and immediately 
separated into erythrocytes, plasma and leukocytes using centrifugation, density 
tnedia and freeze-dried. 
If no leukocyte separation (i.e. patient is type II diabetic) is required, then only two 7 
mL samples are collected. The doctor concerned will know the request the day prior. 
When the sample preparation is complete, Loretta L Admans will transfer them to 
Department of Physics, University of Surrey for further preparation and analysis 
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where the samples will be analysed by Proton Induced X-ray Emission (PIX:E) 
analysis using a tandem accelerator and .Instrumental Activation Analysis (INAA) 
with neutron flux, at the Department of Physics, University of Surrey, Guildford, 
Surrey. 
The nominated person at the Cardiothoracic Unit, St. George's Hospital will 
continue to collect samples in ITU. An assessment sheet for each patient will be 
completed and kept securely. 
It is important to note the exclusion parameters of this study. 
Standard operative conditions when using the bypass machine (please indicate if 
different) 
Roller pump 
Membrane oxygenator 
Arterial filter 
Flow rate -continuous 
Primed 
Cardioplegia 
Stockert 
Avecor affinity, Mintich biocor. 
Avecor 40mic 
2.4 x BSA at 37 oc 
1.6 x BSA at 25 oc 
1.5 L Hartmans 
230ml Mannitol (3 mL kg-1) 
10 000 u Heparin 
St. Thomasis solution 
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Radioanalysis of Trace Elements Following Coronary 
Artery Bypass Grafting (CABG) Surgery. 
Assessment sheet 
Name (please print): .......................... . Hospital no: ........................ . 
DOB: ............................................. . Operation date: ................... . 
Sex: .............................................. . Discharge date: ................... . 
Surgeo11: ........................................ .. Operation description: ........... . 
Past medical hx: 
Diabetic condition: .............................................................................. . 
Drugs hx: 
Sample timepoints 
Post-intubation time: . . . . . . . . . . . . .. . . . . . . . . . . . . date .................................. . 
Early bypass time: ......................... . 
Late bypass time: ......................... . 
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Post bypass (---1-2 hrs)time: ......................... . 
Bypass duration ............................... mins/hrs 
X clamp duration ............................. mins/hrs 
ITU (---12-24hrs) time: . . . . . . . . . . . . . . . . . ... . ... . . date ................................... .. 
Observation and analysis of the following:-
*tendency for oozing or bleeding 
Full clotting screen: INR ....................................... (08.- 1.1) 
aPTT ...................................... (ratio 0.85- 1.15) 
thrombin ................................. (11-16 s) 
Date: .................................... . time: ......................................... . 
Total blood loss 1st 24hrs or till ITU discharge: 
Clotting factors 1st 24hr: 
Platelet count: ............................................... . 
Hb: ........................................................... . 
Erythrocytes: ................................................ . 
(150-450 109 L-1) 
(13.0-17.0 g dL-1) 
(4.5-6.0 1012 L-1) 
Date: .................................... . time: ......................................... . 
Comments: 
*metabolic parameters - developing hyperglycemia within 24hrs 
(BM > 7.6 mmol L-1) 
State highest level: 
................................................................................ mmol L-1 
Max dose of insulin within 24hr to maintain normal glycemia: 
Best base excess (B ex) 1st 24hrs: 
yes/no 
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Comments: 
*respiratory parameters 
Time to extubation from end of operation: ....................................... mins/hrs 
Fi02 to keep Sp02 > 94%: 
Comments: 
*incidence of chest and wound infection/sepsis required antibiotics (apart from 
prophylactic) during hospitalisation. 
Temp> 38 °C: yes/no 
Highest temperature within first 24hrs: .............................................. oc 
White cell count (wee): full count: ....................... (4.0-11.0 109 L-1) 
neutrophils: ...................... (7.7-8.5 109 L-1) 
monocytes: ...................... (0.24-1.1 109 L-1) 
Date: .................................... . time: ..................................... . 
Comments: 
* duration of stay: 
............................................................................................ days/hrs 
Total duration of ITU stay: ............................................................... days 
Total duration of hospital stay:_ ........................................................... days 
Comments: 
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Medical/surgical complications following operation: 
Develop of diabetes, duration: 
Requirement of drugs: 
Chest infection: 
Wound dehiscence (delay in healing) 
Photocopy of anaesthesia notes included ............................................... yes/no 
Miss L. L. Admans ................................. . ...... . date ......................... . 
Senior registrar (Cardiothoracic Unit) ................. .. date . . ....................... . 
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Presented at: "ih Nuclear Analytical Methods in Life Sciences (NAMLS-7)", 16th-
21st June 2002, Antalya, Turkey. 
Published in: Journal ofRadioanalytical and Nuclear Chemistry, 259, 3 (2004) 441-
445. 
Elemental composition of hair and bone density measurements at diagnosis in 
paediatric inflammatory bowel disease. 
Authors: O.A.Akanle, J. Ho, K.Muhiddin, L. Admans, N.M Croft, 
N.M. Spyrou. 
Presented at: "7th Nuclear Analytical Methods in Life Sciences (NAMLS-7)", 16111 -
21st June 2002, Antalya, Turkey. 
Published in: Journal ofRadioanalytical and Nuclear Chemistry, 259, 2 (2004) 355-
360. 
The University of Surrey database of elemental composition of human hair. 
Authors: W. J. Altaf, 0 . A. Akanle, L. L. Admans, D. Beasley, C. Butler, 
N. M. Spyrou. 
Presented at: "7th Nuclear Analytical Methods in Life Sciences (NAMLS-7)", 16th-
21st June 2002, Antalya, Till-key. 
Published in: Journal ofRadioanalytical and Nuclear Chemistry, 259: 3 (2004) 493-
498. 
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Elemental composition of erythrocytes from Coronary Artery Bypass Grafting 
(CABG) patients with and without type II diabetes mellitus using PIXE 
analysis. 
Authors: L. L. Admans, N. M. Spyrou. 
Presented at: "Methods and Applications of Radioanalytical Chemistry", 7th- 11th 
April 2003, Kailua Kona, Hawaii. 
To be published in: Journal of Radioanalytical and Nuclear Chemistry, 263: 3 
(March 2005) 
An investigation of absolute PIXE quantification techniques 'within the 
framework of the European FP5 MICRO-XRF project. 
Authors: G. W. Grime, A. Z. Kiss, I. Gomez-Morilla, A. Simon, I. Uzonyi, 
C. J eynes, L. Admans. 
Presented at: "lOth International Conference on Particle Induced X-ray Emission 
and its Analytical Applications", 4th - 8111 June 2004, Portoroz, 
Slovenia. 
Published in: Proceedings of 1oth International Conference on Particle Induced X-
ray Emission and its Analytical Applications (2004). 
Problems of leukocyte elemental quantification from coronary artery bypass 
grafting (CABG) patients. 
Authors: L.L. Admans, J. Clarke and N. M. Spyrou 
Presented at: "11th International Conference on Modern Trends in Activation 
Analysis (MTAA-11)", 20th- 25th June 2004, Guildford, Surrey, UK. 
Accepted for publication in: Journal of Radioanalytical and Nuclear Chemistry, 
Early 2006. 
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